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ABSTRACT 
Country rocks surrounding the Rhum Tertiary ultrabasic 
complex have experienced severe thermal metamorphism, partial 
melting and mobilization resulting in the formation of extensive 
areas of intrusion breccia. Evidence from several sources 
indicates a maximum temperature in the country rocks of 960 
±400 C. Contrary to previous suggestions the complex was not 
emplaced as a fault block enclosed by a "Marginal Gabbro", but 
formed in situ at a depth of less than lKm. Large-scale layering 
continues to within 2m of the country rocks, and shows no change 
in either thickness or orientation close to the contact. Small-
scale layers at Harris Bay thin and terminate towards the 
contact with the Western Granophyre. 
Strontium isotope data shows that the margins of the 
complex have experienced considerable crustal contamination. 
Contamination may have taken place by mixing of anatectic country 
rock melt with the resident basaltic liquid during boundary 
flow. Whole-rock and isotope geochemistry suggests that marginal 
microgranodiorite ("hybrid rocks") formed during a process of 
combined assimilation and fractional crystallization. Lead 
isotope data indicate that rocks of the ultrabasic complex, as 
well as earlier Tertiary granophres and felsites, were 
contaminated with Lewisian lead. The crustal level at which this 
took place and the processes involved remain unclear. 
Oxygen isotope analyses show that rocks of the contact 
zone have undergone large-scale exchange with heated, meteoric 
fluids. In response to inflation of the complex the country rocks 
experienced considerable deformation, and in places the chamber 
roof underwent gravity collapse. Deformation resulted in 
increased country rock permeability, thus enhancing hydrothermal 
circulation and promoting high-cooling rates along the ·contact 
zone. A consequence of this process is the local preservation 
of quenched ultrabasic material at Harris Bay, and the 
ubiquitous development of rapid growth textures in all 
lithologies within the contact zone. 
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CHAPTER 1 
INTRODUCTION 
1.1. Significance of layered intrusions and the importance 
attached to the character of their contact zones 
Layered basic and ultrabasic intrusions are believed to 
represent the consolidated remnants of magma chambers known to 
exist under many basaltic volcanoes, e.g. Mt.Etna (Wadge 1977), 
or Hawaii (Walsh and Decker 1971, Ryan 1987). The processes 
operating in these storage reservoirs, such as crystal 
fractionation, magma mixing, and wall-rock assimilation are 
thought to be responsible for much of the diversity exhibited by 
igneous rocks. However, since magma reservoirs under active 
volcanoes cannot be examined directly most of what is known about 
these structures has been learned from studying extinct, 
consolidated examples. For this reason layered intrusions have 
received attention from petrologists out of all proportion to 
their relatively small volumes. 
Unlike active volcanic systems, the original magmas 
from which a layered intrusion developed cannot be sampled and 
their compositions must be estimated by indirect methods. Many 
layered bodies, such as the Skaergaard intrusion, Greenland 
(Wager and Brown 1968), or the Muskox intusion, Canada (Irvine 
1980), have relatively fine-grained border facies which are 
thought to have formed by chilling of magma against the 
relatively cool country rocks. These border zones are clearly 
early-formed features and have been used by petrologists to 
estimate the composition of the parental liquids from which the 
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intrusions developed (Wager 1960, Hoover 1978, Irvine 1980, 
Hunter and Sparks 1987). 
The contact zone of an intrusion is also the interface 
through which several important transfer processes take place. It 
is the boundary through which heat is conducted into the 
surrounding country rocks. If partial melts are developed in the 
wall-rocks, the contact zone represents their point of entry into 
the intrusion, and hence the area that will undergo the most 
extensive degree of contaminaton. The contact is also the 
interface across which an exchange of fluids may take place, 
with either loss of magmatic volatiles to the intrusion's 
exterior, or ingress of external fluids from the enclosing 
country rocks. The composition and character of the contact zone 
surrounding a layered intrusion thus furnishes critical 
information concerning the differentiation processes that took 
place during its development. 
1.2. Mode of emplacement and contact relations of the Rhum 
ultr~b~!!~ ~~mplex 
The Rhum intrusion is one of eleven central complexes 
in the British Tertiary Igneous Province (BTIP) (fig. 1.1). It 
contains the the most extensive development of layered u1trabasic 
rocks in the Province, and has therefore attracted considerable 
attention since the publication of Harker's original memoir 
(1908). The origin and development of the layering, particularly 
that of the Eastern Layered Series (ELS), has been the subject of 
numerous studies. However, the relationship of the layering to 
the country rocks, and the mechanism of emplacement of the 
intrusion have received little attention. 
laO km 
o 
Figure 1.1. Central complexes of the British Tertiary Igneous Province. 1 
Carlingford, 2 Slieve Gullion, 3 Mourne Mts., 4 Central Ring Complex Arran, 
5 Northern Granite Arran, 6 Blackstones Bank, 7 Mull, 8 Ardnamurchan, 9 
Rhum, 10 Skye, 11 St. Kilda. 
",,"', 
The most widely accepted theory to explain the 
emplacement of the intrusion is that of Brown (1956), who 
proposed that the presently exposed complex represents a small 
plug-like portion of a much larger sub-crustal magma chamber. 
Following consolidation of the larger chamber a steep ring 
fracture formed, up which the the complex was emplaced, aided by 
the lubricating action of a "Marginal Gabbro". 
In his studies of harrisite Donaldson (1982) observed 
that close to the margin of the intrusion at Harris Bay 
harrisitic layers branch, thin and disappear close to the 
contact. He suggested that these features indicate some control 
on the development of harrisite due to its proximity to the 
contact, which if true implies that the present margin of the 
intrusion is the original one, and therfore not a late tectonic 
feature. 
1.3. Aims and objectives of this study 
This thesis presents the results of an investigation of 
the geology, petrology and geochemistry of the contact zone of 
the Rhum ultrabasic complex. The aims of this study were 
1. To investigate how the ultrabasic complex was empl~ced, and 
in particular whether it crystallized in situ, or at a deeper 
level (Brown 1956). 
2. To examine the structural setting and geochemistry of 
various "hybrid" rock bodies. This lithology occurs only within 
the contact zone of the complex and might therefore offer insight 
into differentiation processes operating along the original 
margin of the magma chamber. 
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3. To look in detail at the relationships between layering and 
the country rocks,and in particular to assess whether or not its 
development was influenced by the nature and orientation of the 
contact zone. 
4. To test the possibility that the complex patterns of 
isotopic variation revealed by studies of the ELS were the result 
of in situ contamination caused by partial melting of the country 
rocks. 
5. To assess the influence of hydrothermal circulation on the 
thermal history of the complex. 
1.4. Methodology 
During this study a variety of techniques were adopted 
in order to solve the problems posed in section 1.3. A detailed 
field mapping investigation was undertaken (Chapter 2) and an 
extensive suite of representative samples collected. 
Mineralogical and textural variation in these samples was carried 
out using conventional petrographic techniques (chapter 3). 
Electron microprobe analysis was undertaken in order to determine 
both the composition of the important mineral phases, and to 
derive temperature estimates using various geothermometers 
(chapter 4). The whole-rock major and trace element compositions 
of the main lithologies within the contact zone were determined 
by X-ray fluorescence techniques (chapterS). To investigate the 
contamination process Pb and Sr isotopic analyses were undertaken 
(chapter 6). The influence of hydrothermal circulation on the 
cooling history of the complex was studied by looking at the 
variation in oxygen isotopes (chapter 6). A summary of each of 
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the geochemical techniques used in the course of this 
investigation is given in appendix 2. 
1.S. Previoul work 
Rhum has been the subject of geological research since 
the beginning of the nineteenth century. and as a result an 
extensive literature has built up. Only those studies which have 
dealt directly with the marginal rocks are cited here. references 
to most of the other important works on the island's geology can 
be obtained from Emeleus (1982, 1983, 1987), Emeleus and Forster 
(1979), and in a special issue of the Geological Magazine (vol. 
122, No.5, 1985). 
Harker (1908) was the first geologist to present a 
detailed discussion of the contact relations and emplacement 
mechanics of the ultrabasic complex. Bailey (1945) first 
introduced the concept of a steeply dipping marginal gabbro. a 
feature which Brown (1956) suggested marked the trace of the 
dislocation along which the ultrabasic complex was emplaced. 
Brown's ideas were later corroborated by Wadsworth (1961) and 
Dunham (1968) in their respective investigations of the Western 
Layered Series (WLS) and the Coire Dubh area. The contact 
relations at northwest Harris Bay were examined in some detail by 
Roobol (1970), and a brief account of some petrographic and 
geochemical features of the marginal rocks in the same area was 
given by Mattson and Vogel (1984). 
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1.6 Tertiary geology of Rhum 
A brief outline of the development of the Rhum Tertiary 
centre is given in this section, more comprehensive accounts of 
the island's geology are provided by Eme1eus (1982, 1983, 1987), 
and Emeleus and Forster (1979). 
been dated by 40Ar _39Ar methods 
The Rhum central complex has 
(Mussett 1984), the results 
indicating that Tertiary activity on the island was of short 
duration, between 60.1 and 58.4 Ma. The centre developed 
essentially in two stages, an early, predominantly acid phase 
of activity characterized by the eruption of felsic pyroclastic 
rocks (Emeleus et al. 1985, Williams 1985), and a later plutonic 
phase which resulted in the emplacement of the ultrabasic complex 
(Emeleus 1987). During the early acid phase, in addition to 
pyroclastic rocks, several high-level granite bodies were 
emplaced, the largest being the Western Granophyre (Black 1954). 
At the end of the first stage a major caldera structure was 
formed, the trace of which is now marked by the Main Ring Fault 
(MRF) (Bailey 1945). The ultrabasic complex formed by a series 
of multiple magma pulses, and is a composite intrusion consisting 
of a contemporaneous Eastern Layered Series (ELS) and Western 
Layered Series (WLS) , truncated by a later transgressive Central 
Series (Emeleus 1987). Shortly after its consolidation the 
complex was unroofed in a period of rapid erosion, accompanied 
by eruption of basaltic lavas (Emeleus 1985). 
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FIELD RELATIONS 
2.1 INTRODUCTION 
Field relationships along the margin of the ultrabasic 
complex are described in this chapter. For convenience the 
contact has been divided into segments as shown in figure 2.1. 
The reasons for presenting this information on an area by area 
basis rather than as a single integrated account are threefold. 
Firstly there is evidence that not all parts of the intrusion are 
contemporaneous, in particular the Western and Eastern Layered 
Series predate the transgressive Central Series (Emeleus 1987). 
Secondly the extent of exposure and nature of the contact zone 
varies greatly from area to area. Thirdly the uplift-emplacement 
model for the intrusion was originally defined by Brown (1956) 
with reference to the Hallival-Askival area, and 
applied to other parts of the complex (Wadsworth 
subsequently 
1961, Dunham 
this model, it is appropriate to do so by re-examining the 
critical field evidence in each of these respective areas. 
Field mapping of the contact was carried out using 
acetate overlays on aerial photographs (approx. scale 1:10000), 
with the data replotted onto 1:10000 base maps. A 1:10000 
geological map of the contact is given in figure 2.2 (inside of 
back cover). The complexity developed at Harris Bay demanded more 
detailed mapping which was out carried using enlargements of the 
aerial photographs (approx. scale 1:1500). 
N 
o 4km 
~!--------~--------~! 
Figure 2.1. Location map of contact zone showing areas described in chapter 
2: 1 Allt nam Ba to Meall Breac, 2 Inbhir Gil, Papadil to Leae A Chaisteil, 
3 Beinn nan Stac and the Dibidil valley, 4 northwest Harris Bay, 5 
southeast Harris Bay, 6 Harris Bay to Minishal, 7 Priomh Lochs. 
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2.2 GENERAL CHARACTERISTICS OF THE CONTACT ZONE 
2.2.1 Introduction 
Much of the country rock to the ultrabasic complex is 
felsic in character, i.e. Lewisian gneisses, Torridonian and 
Jurassic sandstones, Tertiary granophyres and felsites. Field 
relations indicate that heat loss from the intrusion was 
sufficient to cause mobilization and partial melting of these 
predominantly felsic lithologies. Variability in the extent of 
partial melting, and subsequent interaction of the granitic 
anatectic melts with i) basic and ultrabasic magma, or ii) 
consolidated basic material, or iii) consolidated country rocks, 
has produced a complex assemblage of rock types within the 
contact zone. In this section the main characteristics of these 
rock types are described before looking at the field relations in 
specific areas. 
2.2.2 Granitic veins 
Basic and ultrabasic rocks close to the contact are 
invariably cut by an anastomosing network of thin «2cm), 
granitic veins. These formed by fusion of the country rocks and 
subsequent injection of anatectic melt along fracture sets in the 
semi-consolidated ultrabasic complex, a process known as "back-
veining" (Dunham 1964). Cross-cutting relationships between 
different vein sets occur locally, indicating that back-veining 
took place over a protracted interval. 
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2.2.3 Intrusion breccias 
The most conspicuous and abundant materials along the 
contact are intrusion breccias. These are heterogeneous rock 
types, consisting of a variety of fragments enclosed in a 
granitic matrix. Two main types are distinguished on the basis of 
the angularity and size of the included fragments. 
1. Large-Fragment Breccias. These consist of large (often metre 
sized), angular fragments enclosed in a locally derived granitic 
matrix. Fragments are mainly dolerite derived by disruption of 
minor intrusions that cut the adjacent country rocks; blocks of 
gabbroic and ultrabasic material may also be present. Where these 
breccias are formed in Torridonian country rocks refractory shale 
fragments are also present. 
2. Matrix-Rich Intrusion Breccias. This breccia type consists of 
small «lScm), sub-rounded fragments enclosed in a homogeneous 
leucocratic matrix. Fragments are predominantly coarser grained 
dolerite and gabbro, although shale may be present locally. As 
their name implies, the matrix to fragment ratio is much higher 
in these rocks than in the large-fragment breccias. 
2.2.4. Orbicular Torridonian 
Torridonian rocks close to the contact often show the 
development of an orbicular texture. These spherical structures 
are between O.S-1.5cm diameter, and form along distinct horizons 
which reflect original sedimentary bedding. They contain quartz 
paramorphs after tridymite (Harker 1932, Wager et al. 1953) and 
develop as a result of in situ melting. 
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2.2.3. Marginal Microgranodiorite 
A characteristic feature of the contact zone is the 
development of a distinctive lithology referred to as "hybrid 
rocks" by previous workers (Dunham 1964, Emeleus and Forster 
1979). When analyses of these rocks are plotted on the total 
alkalis/silica classification diagram of Cox et al. (1979) they 
fall in the dacite field. As these are medium-grained rocks, and 
to emphasize their spatial association with the contact zone they 
are referred to as marginal microgranodiorite (MMG) in this 
thesis. They are a leucocratic lithology characterized by the 
development of acicular or dendritic orthopyroxene (or chlorite 
and amphibole pseudomorphs after orthopyroxene), and acicular-
skeletal plagioclase. 
2 • 3 ALLT NAK BA TO MEALL BllEAC 
2.3.1 Introduction 
In this section the marginal relations between Allt nam 
Ba and Meall Breac are examined. This segment of the contact 
corresponds to that described by Brown (1956), upon which he 
based the suggestion that the ultrabasic complex was emplaced 
upwards as a fault-bounded block, lubricated by 
Gabbro" . 
2.3.2 Country rocks. 
a "Marginal 
Country rocks consist predominantly of Torridonian 
sandstone and shale between Allt nam Ba and Allt Mhor na h-Uamha; 
these give way to Tertiary felsite and explosion breccia in the 
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Meall Breac - Cnapan Breaca area (Dunham 1968, Williams 1985). 
Torridonian rocks in the south are mainly well-laminated shale 
and siltstone, but north of Allt na h-Uamha these grade into 
coarse-grained arenaceous sandstones (Black and Walsh 1961). 
Fault-bounded slices of Jurassic sandstone, limestone and shale 
occur along the contact at Allt nam Ba (Smith 1985). 
2.3.3 Lower Eastern Layered Series 
The division of the lower ELS into five major cycles by 
Brown (1956), was found by Faithfull (1985) to be relevant only 
to the Allt nam Ba area. In particular, unit 2 dies out 
northwards, as does the peridotite of unit 4, with the result 
that the allivalites of units 3 and 4 merge to form a single 
thick sheet referred to as 3/4 by Faithfull (1985). This layer 
forms the steep cliffs east of Loch Coire nan Grunnd, and several 
extensive outcrops to the southeast of Cnapan Breaca. The 
peridotite underlying this layer (variously assigned to unit 2 
and 3 by Faithfull), forms a distinct horizon which can be easily 
traced from Allt nam Ba to north of Allt Mhor na h-Uamha. 
2.3.4. Orientation of the contact zone 
The contact zone from Allt nam Ba to Allt Mhor na h-
Uamha is impersistently exposed, forming an arcuate topographic 
high truncated by various river valleys. In general the contact 
is vertical or has a steep outward dip. At Loc.30S, however. a 
shallow dip of 200 E is developed where partially-melted 
Torridonian shale overlies MMG. Northwest of Allt Mhor na h-Uamha 
the contact shallows, so that in the area around Loc.323 the ELS 
is overlain by a cap of Torridonian rocks which dips at lO-20NE. 
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Northwest of Loc.323 the contact gradually steepens. so that at 
Coire Dubh the orientation of strike lines indicates a dip of 
4SoNNE. 
2.3.3. Nature of the contact zone 
2.3.5.1. Intrusion breccias in Torridonian rocks 
Torridonian rocks along the contact in this area show 
abundant evidence of mobilization and partial melting. with the 
development of intrusion breccias and orbicular texture. The 
inner part of the contact aureole. its outer margin defined by 
the first evidence of deformation in the Torridonian. is most 
extensively developed at Allt nam Ba, and on the high ground 
between A1lt na h-Uamha and Allt Mhor na h-Uamha. In both areas 
it has a width of 40-45m. It is narrowest at Locs. 305 and 306 
where the shallow contact with MMG is developed; the zone here is 
only l-Zm wide. 
The disposition of breccia types in the Tor~idonian 
rocks is often chaotic, but in a number of localities a more 
regular progression is developed. The following description is an 
idealized sequence, however, the section at Allt nam Ba shows 
many of the features outlined. As the contact is approached, the 
first evidence of deformation is distortion of the sedimentary 
bedding and lamination. This is best picked out by shale 
horizons, which may take on a highly convoluted appearance. Where 
there are pre-ELS minor basic intrusions in this zone a 
distinctive breccia is developed, consisting of large angular 
dolerite blocks in a matrix of convoluted shale (plate 
Z.la,Z.lb). 
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Plate 2.1a. Angular dolerite fragment in matrix of highly contorted shale 
(Lac. 299). Allt na h-uamha. 
Plate 2.1b. Angular dolerite fragment in contorted shale matrix 
(Lac. 266). AlIt nam Ba. 
Plate 2 . 1c. Breccia of disrupted shale fragments in leucocratic mobilized 
matrix (Loc. 282). Allt nam Ba. 
With decreasing distance from the contact, bedding and 
lamination become increasingly disrupted, so that a breccia is 
developed consisting of shale and dolerite fragments in a 
leucocratic matrix of mobilized Torridonian (plate 2.1c). Shale 
fragments are of variable size, from a few centimetres up to 
several metres. This breccia type has a variable character, 
reflecting the lithological inhomogeneity of the Torridonian. Yet 
nearer to the contact the size of the shale fragments decrease, 
as does their percentage compared to the leucocratic matrix. The 
size and angularity of the dolerite fragments also decreases, and 
the breccia contains an increasing percentage of rounded, 
gabbroic inclusions (generally less than lOcm diameter). There is 
thus a transition from large-fragment breccias away from the 
contact into matrix-rich intrusion breccias close to it. Matrix-
rich intrusion breccia is often spatially associated with small 
areas of MMG (1. e. Loc. 298). 
2.3.5.2. Orbicular Torridonian 
A distinct feature of the contact zone in this area is 
the extensive development of orbicular structures in the 
Torridonian rocks. Individual orbicules are between O.S-l.Scm 
diameter, and consist of an upstanding rim surrounding a central 
depression (plate 2.2a). Orbicules are often developed along 
distinct horizons reflecting original sedimentary layering (plate 
2. 2b) • 
There is no simple relationship between orbicular 
Torridonian and other rock types of the contact zone. In places 
it forms the matrix to intrusion breccia (i.e. Lac. 287); occurs 
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Plate 2.2a. Well developed orbicular structures in 
Torridonian. Individual orbicules are defined by an 
surrounding a central depression (Loc. 247). AlIt nam Ba. 
2 em 
partially melted 
upstanding rim 
Plate 2.2h. Fragment of Torridonian in breccia showing 
development of orbicular texture (R19S, Loc. 260). AlIt nam Ba. 
incipient 
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as angular xenoliths within it (plate 2.2b, and also Loc. 317), 
or may be intimately associated with the convoluted shale zone 
(i.e. Loc. 264). The development of this texture appears to be 
related both to the nature of the adjacent ELS unit, and the 
composition and grain size of the country rock. It is best 
developed where peridotite is against the contact, as at Allt nam 
Ba (Loc. 246 to 249), and between Allt na h-Uamha and AlIt Mhor 
na h-Uamha (Loc. 313 to 321). 
2.3.5.3. Marginal microgranodiorite 
Small areas of marginal microgranodiorite (MMG) occur 
sporadically along the contact between Allt nam Ba and Meall 
Breac. North of Allt nam Ba at Loc. 261, on the east side of a 
small stream, weathered gabbro forming the base of the section 
grades through massive leucogabbro into MMG at the top. 
Immediately east of this exposure, at Loc. 260, MMG is in sharp 
contact with orbicular Torridonian. At Loc.305 Torridonian shale 
overlies MMG at a shallow angle, dipping 20 0 E; along the contact 
between them orbicular Torridonian is developed. In several 
places (i.e. Locs. 298, 299) small patches of MMG form the matrix 
to intrusion breccia. 
The largest exposure of MMG along this segment of the 
contact occurs at Loc. 323, where it takes the form of a sheet 
underlying the shallowly dipping cap of Torridonian rocks roofing 
the ELS in this area. This structure resembles that developed 
along the contact at Beinn nan Stac and in the Dibidil valley 
(section 2.5). It appears that the most extensive areas of MMG 
occur where the ultrabasic complex has a shallowly dipping roof. 
A narrow zone of MMG «4m wide) separates heavily back-veined 
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gabbro from felsite along the summit of Cnapan Breaca, and was 
the subject of a detailed study by Dunham (1964). 
2.3.6. Status of the Marginal Gabbro 
In his original description of the "Marginal Gabbro" 
Brown (1956) stated" The actual contact between ultrabasic and 
marginal rocks has not been detected. The reason for this is the 
presence of the marginal gabbro which weathers easily to produce 
a grass-covered zone varying in width from 20 yards in the higher 
ground ... to about 50 yards in the stream valleys". While it is 
certainly true that in many places the ELS is separated from the 
marginal rocks by a grass-covered zone, there are also a number 
of localities where peridotite outcrops much closer to melted 
Torridonian than is indicated by Brown's statement. The clearest 
example is at Loc.321, on the southern banks of Allt Mhor na h-
Uamha, where a large outcrop of peridotite is within 1m of 
orbicular Torridonian. Curiously this outcrop is also marked on 
Brown's map, although it is shown as being within the "Marginal 
Gabbro". 
Along the western edge of a large outcrop of orbicular 
Torridonian north of ALIt nam Ba (Locs. 249,250), are a series of 
rounded, coarse-grained, mafic inclusions up to 1m diameter that 
weather as a series of depressions. Thin section examination 
shows these to be partially digested peridotite, containing large 
olivines mantled by orthopyroxene. The obvious source of the 
inclusions is unit 1 peridotite which occupies the low ground 
adjacent to the exposure. This evidence demonstrates that unit 1 
peridotite was directly in contact with partially melted 
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Torridonian in this area, without any intervening gabbroic 
facies. 
At Lac. 286, southeast of Loch Coire nan Grunnd, several 
outcrops of peridotite (unit 2/3 of Faithfull 1985) occur less 
than 10m from mobilized Torridonian. These outcops are thus 
closer to the country rocks than would be expected if both were 
separated by Brown's 20-50 yard thick "marginal gabbro" . 
The field evidence presented in this section suggests 
that a distinct "Marginal Gabbro" does not exist, and yet Brown 
was able to sample this "quick-weathering gabbro" and supply a 
petrographic description. These samples were collected where the 
Allt na h-Uamha and AlIt Mhor na h-Uamha traverse the contact 
zone. Field relationships at both localities suggest that these 
outcrops are in fact parts of conformable allivalite horizons. 
From his descriptions it is clear that the material he collected 
was altered and contaminated, with "intensely zoned feldspars, 
large orthopyroxenes and patches of quartz". No evidence of a 
steep, cross-cutting gabbroic facies along the margin of the ELS 
was found during this study, and it is therefore concluded that 
the "Marginal Gabbro· of Brown does not exist. 
2.3.7. Summary 
The contact zone between AlIt nam Ba and Meall Breac is 
generally well exposed, showing abundant evidence of mobilization 
and partial melting of the country rocks. At several localities 
peridotite outcrops close to the contact, without any intervening 
"Marginal Gabbro". Outcrops previously identified as "Marginal 
Gabbro" appear to be altered and contaminated edges of allivalite 
sheets. 
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2.4 INBHIR GIL, PAPADIL TO LEAC A CHAISTEIL 
2.4.1. Introduction 
Along this segment of the contact post-ELS Central 
Series rocks are in contact with Lewisian gneisses, Torridonian 
sandstone and shale, Tertiary granophyre, felsite and explosion 
breccia. Intrusion breccias developed in Torridonian rocks both 
at Inbhir Gil and Papadil show similarities to those along the 
contact of the ELS. 
2.4.2. Inbhir Gil 
At Inbhir Gil a small wedge-shaped outlier of 
Torridonian arkosic sandstone is in vertical contact with the 
western extension of the Papadil gabbro. At several localities 
(Le. Locs. 100,104) Torridonian rocks show evidence of 
mobilization, with the development of intrusion breccias composed 
of gabbro, dolerite and shale fragments in an inhomogeneous 
At Loc. 101 an extensive ~re~ of 
intrusion breccia is developed, composed of large, sub-rounded 
gabbroic blocks, and angular dolerite fragments, many up to 
several metres in length, in mobilized sandstone matrix. Gabbro 
next to this breccia is extensively veined by mobilized sandstone 
(plate 2.3b). 
2.4.3. Papadil Pinnacle to Leac A Chaiete!l 
In the sea cliffs near Papadil Pinnacle (Loc. 111) the 
contact between the Papadil gabbro and shallowly dipping 
Torridonian shales and sandstones is exposed. The contact is 
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Plate 2.3a. Detail of intrusion breccia at Inbhir Gil consisting of shale 
fragments in mobilized sandstone matrix (Loc . 100). 
Plate 2.3b. Gabbro at 
sandstone (Loc . 101). 
Torridonian 
Plate 2.3c. Contact between Papadil gabbro and Torridonian near Papadil 
Pinnacle. Note deformation of the Torridonian around a prominent bulge in 
the contact (Loc. 111). 
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Plate 2 . 3a. Detail of intrusion breccia at Inbhir Gil consi s ting of shale 
fragments in mobilized sandstone matrix (Lac. 100). 
Plate 2.3b . Gabbro at 
sandstone (Loc . 101) . 
Torridonian 
Plate 2 . 3c. Contact between Papadil gabbro and Torridonian near Papadil 
Pinnacle. Note deformation of the Torridonian around a prominent bulge in 
the contact (Loc. 111) . 
22 
steeply dipping for most of the section, but shallows towards the 
top (plate 2.3c). At a point about half way up a bulge is 
developed around which bedding in the Torridonian is deformed, 
demonstrating a tendency for the gabbro to intrude laterally. A 
narrow zone of large-fragment breccia (approx. 2-3m wide) occurs 
along the contact, and in places apophyses from it intrude the 
gabbro. 
From Loc. III to the slopes below Leac A Chaisteil the 
contact follows a sinuous north-south course, but is in general 
poorly exposed. At Loc. 112 the Papadil gabbro gives way to 
massive peridotite. The contact between them is not exposed, 
however, the local outcrop distribution indicates it to be 
horizontal. At several points along the contact east of Loc. 112 
peridotite outcrops within 1m of the Torridonian. At Loc. 115 
Torridonian adjacent to peridotite takes on a massive appearance 
and contains abundant acicular orthopyroxenes. 
To the north, peridotite is overlain by gabbro, forming 
a sheet dipping 20-30oSE. At Loc. 142 along the boundary.between 
these units is a breccia composed of SUb-angular ultrabasic 
blocks in an inhomogeneous plagioclase-rich matrix. These 
relationships indicate that the gabbro sheet post-dates the 
underlying peridotite. At Loc. 224 the gabbro outcrops within 2m 
of a thin strip of Lewisian gneiss. Along the contact the gneiss 
has a massive, structureless appearance, and the gabbro is cut by 
thin (2-3mm) granitic veins. 
2.4.4. Summary 
The contact zone at Inbhir Gil, and from Papadil 
Pinnacle to Leac A Chaisteil, despite the younger age of the 
Central Series units involved. shows many similarities with that 
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of the ELS in the Hallival-Askival area. Again peridotite can be 
traced to within a metre of melted Torridonian without an 
intervening transgressive "Marginal Gabbro". Large-fragment 
breccias in the Torridonian closely resemble those adjacent to 
the ELS. 
2.5. BEINN NAN STAC AND THE DIBIDIL VALLEY 
2.S.1. Introduction 
Harker (1908) indicated that much of the Dibidil valley, 
as well as the felsite and shale on Beinn nan Stac, is underlain 
by a large body of "eucrite". Brown (1956) correlated this with 
his post-ELS -Marginal Gabbro"; a suggestion which has 
subsequently gained wide acceptance ( see Hughes (1960), Dunham 
and Emeleus (1967), Faithfull (1985». The only dissension from 
this view was expressed by Emeleus et al. (1985), who indicate 
on their map that Beinn nan Stac comprises the layered series 
roofed by older rocks. 
In this study 
identified within the 
two new peridotite layers have 
"eucrite" of the Dibidil valley, 
extensive areas of peridotite have been located on 
been 
and 
the 
southwestern slopes of Beinn nan Stac. These discoveries disprove 
the suggestion that Dibidil and Beinn nan Stac are part of the 
"Marginal Gabbro", indicating instead that they form an integral 
part of the ELS. 
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2.5.2 Beinn nan Stac 
2.5.2.1. Overview 
Viewed from both the north (plate 2.4a) and south (plate 
2.5) Beinn nan Stac consists of layered igneous rocks, 
continuous with those forming Askival, overlain by a cap of 
country rock. The summit of the hill is composed of Tertiary 
felsite and explosion breccia, while much of its southeastern 
slopes consist of Torridonian shale and sandstone. The contact 
between these units dips at a low angle to the northwest (plate 
2.5). Along the lower southeastern slopes the Torridonian rocks 
are in reverse-faulted contact with various steeply dipping 
lithologies along the MRF (Smith 1985). The structural similarity 
between Beinn nan Stac's northeast and southwest slopes is 
consistent with the felsite and Torridonian representing only a 
thin veneer overlying a continuous body of layered rocks. 
2.5.2.2. Be!~~ ~~n St~c - Northeast elope 
Along its northeastern slope (plate 2.4a) layering is 
picked out by a series of conformable gabbro terraces separated 
from each other by grass-covered strips. The terraces dip away 
from the overlying country rock at between 15-200 , and their 
attitude steepens as the contact is approached. When these layers 
are traced towards Askival no sharp dislocation is apparent, and 
they are continuous with allivalites of the ELS. The grass-
covered strips between the gabbro layers are probably underlain 
by peridotite, although no outcrops of this material were found 
on the northeastern slopes of the hill. 
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Plate 2.4a. 
composed of 
Series rocks. 
Northeast face of Beinn nan Stac. The summit of the hill is 
a cap of felsite and Torridonian overlying Eastern Layered 
Plate 2.4b. Matrix - rich intrusion breccia. This rock 
variety of different gabbroic and doleritic fragments. 
rounded outline, and are smaller than those in large _ 
(Lac. 176). Beinn nan Stac. 
type contains a 
Most have a more 
fragment breccias 
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Askival's lower slopes can be traced without a break to within 2m of 
country rock contact on Beinn nan Stac. 
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Ainshv~l. Peridotite and allivalite layers developed 
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country rock contact on Beinn nan Stac. 
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The country rock contact has an overall dip of 20oESE, 
but in detail is irregular. Gabbro close to the contact is 
altered, with a blotchy appearance due to irregularly shaped 
felsic patches up to 2cm diameter, and is cut by a network of 
thin «2-3cm wide), granitic veins. Gabbro layers are generally 
separated from the country rock by a zone of variable width 
>15m in places), consisting either of MMG, or more commonly MRIB. 
In a number of localities, however, gabbro layers are directly in 
contact with the country rocks. 
2.5.2.3. Beinn nan Stac - Southwest slope 
On the southwest slope the contact zone is well exposed 
along the steep cliff that trends up the side of the hill (plate 
2.5). As on the northeast side, layering, picked out by resistant 
ridges of gabbro, can be traced from the lower slopes of Askival 
towards the country rock contact. Along the lower part of the 
contact, from Loc. 169 to Loc. 173, gabbro is separated from 
baked and partially melted Torridonian by a zone of MMG with a 
maximum exposed thickness of 3-4m. In places Torridonian 
overlying MMG displays a well-developed orbicular texture. 
Higher in the section, in a large recess in the cliff 
(Loc. 176), blotchy, altered gabbro is shallowly overlain by a 
40m thick zone of MRIB (plate 2.4b). The contact between this 
layer of MRIB and the Torridonian is picked out by a distinct, 
but inaccessible overhang in the cliff; this feature dips 
shallowly to the southeast. At Loc. 175, immediately down slope 
of these relationships, a late gabbro plug crosscuts the main 
contact; its northern margin dips at 820S. 
The contact above Loc. 176 (plate 2.5), at first sight, 
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appears to have a complex geometry. It initially trends parallel 
to the slope as far as Loc. 179, then runs steeply up the 
hillside until Loc. 183. From Loc. 183 it again follows a shallow 
trend until just below Loc. 156 where it resumes a steep 
orientation. These 
feature, the true 
sharp changes in direction are an 
orientation of the contact is 
erosional 
fairly 
consistent, striking parallel to the hillside i.e. NW-SE and 
dipping steeply to the southwest. The large spur-like projection 
of felsite above Loc. 177 actually represents a thin layer 
overlying peridotite and gabbro. 
On the slope below the col joining Askival and Beinn nan 
Stac (Loc. 207), is a conspicuous crag of felsite and explosion 
breccia. This represents an outlier of the material on Beinn nan 
Stac. Along its northwestern edge felsite gives way to a thick 
layer of large-fragment breccia containing numerous peridotite 
blocks. This zone of breccia marks the contact with a thick unit 
of peridotite that is also exposed below the gabbro layer at Loc. 
199, and in the scree shoots below Loc. 203 (plate 2.5). The 
felsite and explosion breccia at Loc. 207 again represent a thin 
veneer, striking NW-SE and dipping steeply southwest. 
The thick peridotite layer that underlies gabbro at Loc. 
199 can be traced towards the contact under Beinn nan Stac (plate 
2.6a); it outcrops again at Loc.182, and at Loc. 183 where it 
comes to within 2m of the shallowly dipping felsite roof (plate 
2.6b). The felsite and peridotite are separated by a 1-2m thick 
zone of MRIB and leucogabbro. Small apophyses from this zone vein 
the peridotite. A second peridotite layer has been discovered on 
the slopes of Beinn nan Stac at Loc. 332, immediately below the 
prominent gabbro terrace exposed at Loc. 177. 
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Plate 2.6a. View of Beinn nan Stac ' s summit from Loc. 207 . The felsite spur 
above Loc . 177 is a thin skin striking NW SE and dipping steeply 
southwest. Gabbro and peridotite layers strike up to the contact with the 
overlying felsite without any apparent disruption or thinning . 
Plate 2.6b. Feldspathic peridotite at Loc. 183 overlain by felsite. The two 
lithologies are separated by , a thin zone of matrix -rich intrusion breccia 
- leucogabbro, prominent veins of this material cut the peridotite. Beinn 
nan Stac. 
3D 
Plate 2.6a. View of Beinn nan Stac's summit from Loc. 207 . The felsite spur 
above Lac. 177 is a thin skin striking NW SE and dipping steeply 
southwest. Gabbro and peridotite layers strike up to the contact with the 
overlying felsite without any apparent disruption or thinning. 
Plate 2.6b. Feldspathic peridotite at Lac. 183 overlain by felsite. The two 
lithologies are separated by . a thin zone of matrix -rich intrusion breccia 
- leucogabbro, promin flnt veins of this material cut the peridotite. Beinn 
nan Stac. 
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2.5.3. Lower Dibidil valley 
The largest area of MMG on Rhum outcrops on the western 
side of the Dibidil valley, between Loc. 78 and Loc. 196. At its 
southern end this body forms a steeply dipping layer separating 
gabbro from felsite (i.e. Loc 73, plate 2.7a). To the north it 
flattens with a horizontal contact against the underyling gabbro 
(Lac. 194, plate 2.7b). The upper contact with felsite, 
continuously exposed between Loc. 80 and Loc. 88, is sharp and 
trends NW-SE. On a small scale it shows intricate lobate 
interdigitation of the two lithologies (plate 2.8a), suggesting 
partial melting of felsite by the MMG magma. In several places 
along this upper contact, MMG contains miarolitic cavities (up to 
10cm diameter), partially filled with large crystals of 
clinoptilolite (X.R.D. determination). These cavities point to a 
late-stage concentration of volatile constituents beneath the 
contact. To the north felsite gives way to Torridonian sandstone, 
its contact with MMG is only exposed at Loc. 196 where MMG dies 
out against partially fused Torridonian. 
Leucocratic xenoliths are found throughout the MMG body, 
but are particularly abundant near its upper contact. In most 
cases these are ghosts, identifiable by a slight increase in 
grainsize, or by the presence of coarse-grained stringers of 
quartz. These xenoliths may have either angular (plate 2.9a), or 
rounded (plate 2.9b) outlines,and many have a distinct foliation 
indicating that they are fragments of Lewisian gneiss. 
The MMG body is underlain by a single, flat-lying sheet 
of gabbro, which forms a prominent terrace along the valley's 
western side. In the low ground to the southeast, along the banks 
Plate 2.7a. Vertical contact between marginal microgranodiorite and blotchy 
weathered gabbro (Loc. 73 ) . (Dark areas on marginal microgranodiorite are 
lichen) . Dibidil. 
Plate 2.7b. Shallow contact between gabbro and overlying marginal 
microgranodirite (Loc 194). Dibidil. 
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Felsite 
MMG 
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Plate 2.8a. Highly lobate contact between marginal microgranodiorite 
(right) and felsite (left) (Loc. 81). Dibidil. 
Plate 2.8b. Intrusion breccia containing large. angular fragments of 
peridotite derived from the adjacent Eastern Layered Series unit. Thi s 
breccia shows no evidence for large - scale transport of fragments. and in 
many places formed by in situ granite veining (Loc . 215). Dibidil. 
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Plate 2.8a. Highly lobate contact between marginal microgranodiorite 
(right) and felsite (left) (Loc. 81). Dibidil. 
Plate 2.8b. Intrusion breccia containing large, angular fragments of 
peridotite derived from the adjacent Eastern Layered Series unit. This 
breccia shows no evidence for large - scale transport of fragments, and in 
many places formed by in situ granite veining (Loc. 215). Dibidil. 
Plate 2.9a. Lewisian xenolith in marginal microgranodiorite. The xenolith 
is typical in having a ghost - like appearence and preserving a marked 
foliation. The angular margins are less typical, most xenoliths have a 
rounded outline. Dibidil. 
Plate 2.9b. Rounded, felsic xenolith in marginal microgranodiorite (Lac . 
83). Dibidil. 
of the Dibidil river, are numerous outcrops of peridotite. These 
form part of a flat-lying layer that conformably underlies the 
gabbro. Peridotite has never previously been recorded within the 
Dididil neucrite n. Outcrops of peridotite have also been found at 
Loc. 333 upstream of the gabbro sheet, and these appear to 
represent a second, conformable peridotite layer. 
2.5.4. Upper Dibidil valley 
The contact zone on the northwest slopes of the Dibidi1 
valley above Loc. 196 is characterized by the development of 
large-fragment breccias, which are particularly extensive in the 
region of the saddle between Trollaval and Ainshval. The country 
rocks consist of Torridonian sandstone and shale in the 
southeast, felsite in the northwest, with a narrow band of 
explosion breccia between them. The attitude of the contact is 
variable, shallow in the southeast around Loc. 196 it rapidly 
steepens to become near-vertical in the northwest. Intrusion 
breccia forms a narrow strip in the southeast « 3m wide in 
places), which gradually widens northwest of Loc. 214 to reach 
100m where the contact crosses the saddle below Trollaval. This 
extensive belt of breccia continues into Fiachanis, but was not 
examined in detail in this study. The breccias in upper Dibidil 
consist mainly of angular dolerite fragments derived from 
disrupted minor intrusions, enclosed in a granitic matrix. 
Along the banks of the Dibidil river, northwest of the 
new peridotite horizon at Loc. 333, are numerous outcrops of 
gabbro. This exposure is not continuous and additional peridotite 
layers may be present. At Loc. 216 an extensive area of 
peridotite overlies the gabbro, small-scale layering in this unit 
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dips 40 N. The underlying contact with the gabbro is well exposed, 
conformable with the layering in the peridotite, and can be 
traced continuously onto the lower slopes of Askival as far as 
Lac. 334 (plate 2.10). Where this thick unit of peridotite meets 
the country rock contact at Lac. 215, intrusion breccia is 
locally dominated by angular peridotite fragments (plate 2.8b). 
2.5.5. Structure of the contact zone 
In the Beinn nan Stac-Dibidil area the contact zone has 
a complex fo~, with several distinct changes in orientation. On 
Beinn nan Stac's northeast side the main contact dips shallowly 
20 0 ESE, while on its southwest side the contact dips steeply to 
the southwest (figure 2.3a). Beinn nan Stac therefore represents 
not only an area in which the ELS remains roofed by older rocks, 
but it also defines a sharp change in, the orientation of the 
contact. 
Along the western side of the Dibidil valley the-contact 
also displays a variable orientation. In the south, from Lac. 169 
to Lac. 86, it has a relatively steep outward dip (approx. 500S 
from the orientation of strike lines). North of Lac. 86 the 
sense of 
IS-20oE. 
dip. 
Thus 
contact shallows rapidly and also changes its 
Strike lines between Loc.S6 and 209 give a dip of 
the contact overlying the large MMG body takes the form a 
culmination (figure 2.3c). If HMG melt was ascending along the 
walls of the intrusion this structure may have acted as a local 
trap, thus accounting for its extensive development in this area. 
Northwest of Loc. 209 the contact returns to a steep orientation. 
The reason for the extensive development of breccia along the 
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Plate 2.10. View of layering developed on lower southwestern slopes of 
Askival. Unit 9 allivalite can be seen to die-out laterally against 
underlying peridotite. The origin of this structure is discussed in section 
7.4.3. 
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Trollaval Askl'val 
Unit 10 allivalite 
Plate 2.10. View of layering developed on lower southwestern slopes . of 
Askival. Unit 9 allivalite can be seen to die - out laterally against 
underlying peridotite . The origin of this structure is discussed in section 
7.4.3 . 
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Figure 2.3. Structure of the contact zone on Beinn nan Stac and in the 
Dibidil valley. A. Sketch view of Beinn nan Stac showing dip of contact 
(dip values shown are approximate). B. Sketch map of Dibidil valley showing 
line of section in fig. 2.3c. C. Diagrammatic section showing arch in 
contact over Dibidil MMG body. 
saddle below Trollaval is problematical. It may indicate a 
shallowing of the contact below the present level of exposure. 
2.5.6. Summary 
During the course of this study extensive areas of 
peridotite have been located on Beinn nan Stac, and two 
conformable peridotite. horizons identified in lower Dibidil. 
These discoveries disprove earlier suggestions that the area is 
underlain by a post-ELS gabbro, and the area should now be 
regarded as an integral part of the ELS. The contact in this area 
has a complex form, with abrupt changes in direction, and in 
places shows distinct culminations and depressions. In several 
localities layered rocks can be traced to within a few metres of 
the contact , where they are generally separated from the country 
rock by either MMG or MRIB. The attitude of the contact in 
Dibidil and the orientation of the layered series rocks in this 
area indicate that the ELS may continue beneath the cover of the 
Southern Mountains Complex for some considerable distance. 
2.6 NORTHWEST HARRIS BAY 
2.6.1 Introduction 
On the northwest shore of Harris Bay, 
peninsula and in the two coves immediately 
along the rocky 
southwest of the 
Mausoleum (figure 2.4), the contact between the Harris Bay Member 
(HBM) of the Western Layered Series (WLS) and the Western 
Granophyre is exposed. The combination of several cliff sections 
and complete exposure along the peninsula afford an almost three-
dimensional view of the contact. The two lithologies are 
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separated by a complex zone consisting of MMG. MRlB, leucogabbro, 
and large-fragment breccia. The contact has an irregular form 
with three shallowly dipping elements separated from each other 
by steep contacts. 
The uppermost shallow-dipping element is a sill of MMG 
and MRlB with a horizontal lower contact against well-layered 
basic and ultrabasic rocks (Loc.l7. figure 2.4). The second is a 
small, complex vein, exposed in all the cliff sections and at 
Loc.6 along the peninsula. The lowest element is a shallow, 
northeast-dipping, apophysis of MMG and leucogabbro, exposed at 
Lac. 135 and from Loc.123 to the southeastern tip of the 
peninsula (Loc. 131). An idealized cross-section through the 
contact is given in figure 2.5, showing the structural 
relationship of each of these elements and setting out the 
nomenclature 
descriptions. 
that 
2.6.2 Western cove 
has been adopted in the subsequent 
In the western cove the contact zone has an overall NW-
SE strike, and is exposed both in the southeast corner (Lac. 17) 
and in the steep cliffs along its northwestern edge (Lac. 47). 
The contact at Lac. 47 is near-vertical, with the granophyre and 
Harris Bay Member(HBM) separated by a narrow zone of MMG and 
MRlB. 
At Lac. 17 the contact has a more complex form (figure 
2.6) but again the granophyre and layered rocks are separated by 
a thin zone of MMG and MRlB. At the base of the cliff the 
contact dips steeply to the north, but changes to a vertical 
attitude halfway up. Here a thin horizontal vein from the MMG-
41 
~--rr MMG-MRIB SILL 
~~~~------~ 
MMG VEIN 
, 
"'-
'" "'-', 
MMG-LEUCOGABBRO APOPHYSIS 
Figure 2.S. Block diagram of major structural elements developed along the 
contact at northwest Harris Bay. 
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MRIB zone intrudes the layered rocks. Above the vein the contact 
is at first vertical, but then shallows so that at the top of the 
cliff it is nearly horizontal (plate 2.11a). 
The cross-cutting vein at Loc. 17 has a complex 
structure. Close to the main contact its margins are sharp, 
whereas away from it the distinction between vein material and 
enclosing rock becomes increasingly indistinct. The vein's upper 
contact is horizontal in orientation but has small cusps which 
penetrate the overlying ultrabasic rock. Within the vein there 
are small (up to 50 cm diameter), irregularly shaped ultrabasic 
pillows, displaying a delicate harrisitic texture. 
The HBM adjacent the contact at Loc.17 consists of 
horizontally layered basic and ultrabasic rocks. Individual 
layers vary in thickness from 20cm to 2m; several are composed of 
coarse-grained harrisite. 
Overlying the layered rocks at Loc. 17 is a sill of MMG 
and MRIB (figure 2.6). Its top is largely removed by erosion, but 
the small area of MMG south of Loc. 138 may represent its upward 
continuation. The sill has a sharp, horizontal lower contact with 
the layered rocks, above which it shows a progressive decrease in 
mafic content over a distance of 1m. Close to its base the sill 
contains rounded MMG xenoliths (2 - 40cm diameter), most of which 
contain abundant dendritic amphiboles. At its northern end the 
sill has a sharp, near-vertical contact against massive pink-
weathering gabbro. 
Outcropping in the cliff face above the path at Loc. 48, 
is a 2 - 3m thick horizontal layer of harrisitic gabbro. 3m from 
a steeply dipping contact with MMG this layer merges into 
massive leucogabbro (plate 2.11b). The harrisitic layer is itself 
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Olivine gabbro - HBM 
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Plate 2 .11a. Marginal microgranodiorite vein intruding Harris Bay Member at 
Loc. 17. The vein has an irregular upper surface with apophysis intruding 
the overlying rocks, and lobes of olivine gabbro from the Harris Bay Member 
protruding downwards into the vein. 
Plate 2.11b. Prominant layer 
laterally into leucogabbro, 
microgranodiorite (Loc. 48). 
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Plate 2.11a. Marginal microgranodiorite vein intruding Harris Bay Member at 
Loc. 17. The vein has an irregular upper surface with apophysis intruding 
the overlying rocks, and lobes of olivine gabbro from the Harris Bay Member 
protruding downwards into the vein. 
Plate 2.11b. Prominant layer 
laterally into leucogabbro, 
microgranodiorite (Loc. 48). 
of harrisitic 
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olivine 
gives 
gabbro 
way to 
dies out 
marginal 
sandwiched by massive pink-weathering gabbro. Similar 
relationships exist in the cliff above the path at Loc. 138 
(figure 2.6) where horizontal. coarse-grained ultrabasic layers 
give way to leucogabbro. These relationships suggest that the 
massive pink-weathering gabbro and leucogabbro represent a 
contaminated marginal facies of the HBM. 
2.6.3. Eastern cove 
Steep cliffs surrounding the eastern cove provide two 
well-exposed slices through the main contact. The section at Loc. 
136 shows only the MMG vein, whereas that at Loc. 135 also 
reveals the MMG-leucogabbro apophysis. 
Well-developed horizontal layering in the HBM at Loc. 
136 (plate 2.12a) becomes increasingly indistinct when traced 
towards the granophyre. For example, a thick harrisite layer (>2 
_ 3m) at the base of the cliff thins abruptly 10m from the 
granophyre to form a layer just 10cm thick; this continues before 
terminating approximately lOcm from the contact. Adjacent to the 
granophyre the HBM consists mainly of massive, fissile olivine 
gabbro, it's fabric defined by alignment of elongate skeletal 
olivines. 
The upper surface of the MMG vein at Loc. 136 is sharp 
with a series of small cusps that protrude into the 
olivine gabbro. The vein has no distinct lower contact, 
overlying 
instead 
its pink colouration gradually fades into the underlying gabbro 
(plate 2.l2a). Above the vein olivine gabbro is separated from 
the zone of MMG along the main contact by a thin band (40-60 cm 
wide) of pink-weathering gabbro (plate 2.12b). This has a sharp 
contact with the olivine gabbro but appears to grade into the 
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Plate 2.l2h. Detail of contact relationships at the top of 
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Plate 2J2a. Contact between Harris Bay Member and Western Granophyre 
exposed at Loc. 136. Note that prominent horizontal layering in the Harris 
Bay Member dies out towards the contact. 
Plate 2.12b. Detail of contact relationships at the top of cliff section 
at Lac. 136. Olivine gabbro with coarse harrisitic patches is in sharp 
contact with leucocratic gabbro. 
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zone of MMG. 20cm from its contact with the pink gabbro, the 
olivine gabbro contains a 20-30cm wide band of coarse-grained 
harrisite. The base of this layer is sharp and runs roughly 
parallel to the contact; its upper surface is irregular (plate 
2.12b). Several other small patches of coarse-grained harrisite 
occur along the contact in this area. 
The contact exposed below the MMG vein at Loc. 135 
(plate 2.13a) dips approximately 600 NE and is more irregular than 
at Loc. 136 or Loc. 17, with downward projecting lobes of olivine 
gabbro separated by upward protruding diapirs of MMG. At the base 
of the cliff section the contact abruptly shallows, changing to a 
dip of 10_150 NE. This feature, which is not exposed at Locs. 136 
and 17, 
between 
represents the MMG-leucogabbro apophysis. The contact 
it and the overlying olivine gabbro is sharp, but 
in detail, with lobe and diapir structures well-
The margins of these structures often show small-
irregular 
developed. 
scale crenulations. At one point a pillow of olivine gabbro 
appears to have become detached from a lobe of the same material 
and is completely surrounded by leucogabbro (plate 2.13b). 
2.6.4. Peninsula 
Progressively deeper levels through the main contact are 
exposed between Locs. 122 and 131 along the rocky peninsula. 
Between Locs. 122 and 5 the exposure level lies above the MMG 
vein, granophyre and olivine gabbro being separated by a narrow 
zone of MMG and pink-weathering gabbro, approximately 1-1.5m 
wide. Within the olivine gabbro, and elongated parallel to the 
main contact, are a series of irregularly shaped coarse-grained 
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Plate 2.13a. Contact between Harris Bay series and Western Granophyre 
exposed at Loc. 135. The lower part of the contact has a shallower attitude 
than at Loc. 136. (Rucksac at top of cliffs for scale). 
plate 2.13b. Detached pillow of olivine gabbro enclosed in matrix of 
leucogabbro (Loc. 135). 
Plate 2.13a. Contact between Harris Bay series and Western Granophyre 
exposed at Loc. 135. The lower part of the contact has a shallower attitude 
than at Loc. 136. (Rucksac at top of cliffs for scale). 
Plate 2.13b. Detached pillow of olivine gabbro enclosed in matrix of 
leucogabbro (Loc. 135). 
harrisite lenses (plate 2.14a). One lens lies directly on the 
interface with the pink-weathering gabbro; sheaths of acicular 
olivines appear to have nucleated against it and radiate out into 
the olivine gabbro (plate 2.14b). 
Between Locs. 5 and 6 the erosion surface intersects the 
MMG vein. Olivine gabbro along its upper surface at Loc. 5 has a . 
small-scale harrisitic texture, similar to that of ultrabasic 
material in the vein at Loc. 17. At Loc. 6 the vein has sharp 
margins close to the main contact but becomes increasingly 
diffuse away from it (plate 2.15a). The effects of the vein can 
be seen be seen up to 7m from the contact as irregular patches of 
pink granitic material within the HBM. 
At Loc. 6, 1m below the level of the MMG vein, a thick 
(> 3m), horizontal layer of coarse-grained harrisite, thins and 
bifurcates towards 
formed persist 
the main contact. 
for some distance 
The two harrisite layers 
and then terminate 
approximately 3m from the contact (plate 2.15b). 
The upper surface of the MMG-leucogabbro apophysis can 
be examined in detail at Loc. 123. Here the main contact shallows 
abruptly so that the HBM is underlain at a low angle by MMG 
(plate 2.16a). The apophysis has an irregular upper surface with 
diapirs of MMG protruding into the overlying olivine gabbro. 
Separating these diapirs are bulbous lobes of olivine gabbro 
(plate 2.16b). In places pillows of material have become detached 
from these lobes, and are entirely surrounded by MMG. 
Over a wide area in the northeast of the peninsula 
(around Locs. 130 and 131), the erosion surface gives a shallow 
easterly-dipping slice through the top of the apophysis. The 
structure exposed is complex, consisting of basic material cut 
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Plate 2 . 14a. Irregularly - shaped lenses of coarse grained harrisite 
trending parallel to the contact with leucocratic gabbro. The contact r uns 
parallel to the upper edge of the photograph ( relationships exposed 
between Loc. 5 and Loc. 122). 
Plate 2.14b. Lens of coarse - grained harrisite on the contact between the 
Harris Bay Member and leucogabbro. Acicular olivines appear to have 
nucleated on the contact and radiate into the Harris Bay Member 
(relationships exposed between Loc. 5 and Loc. 122). 
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Plate 2.15a, Marginal microgranodiorite vein at Loc.6 showing complex 
relationships between acid and basic material. Vein contains angular blocks 
of minor intrusions, one at the base of the vein straddles the contact with 
the underlying olivine gabbro. 
Plate 2.15b. Harrisitic layer in Harris Bay Member bifurcates and thins out 
as it approaches the contact with the Western Granophyre (Lac. 6). 
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by a network of leucocratic veins. The veins are in two 
distinct orientations, one set consists of a series of parallel 
longitudinal ridges, which are joined at intervals by a thinner, 
second set trending at right angles. These two vein-sets produce 
a box-shaped pattern with the centre of each box occupied by 
coarse-grained basic material (plate 2.l6c). 
At the southeastern end of the box-veined zone several 
large pendants of olivine gabbro overlie and protrude downwards 
into the material of the apophysis (plate 2.17a). These pendants 
dip at approximately 400 NE and are separated from each other by 
leucocratic ridges. The box-veined zone appears to be the upper 
surface of the apophysis where the overlying olivine gabbro 
pendants have been removed by erosion. The box-veined zone is 
separated from MMG along the main contact by a 10m wide strip of 
olivine gabbro; this represents a large pendant above the 
apophysis, similar to those at Loc. 130. This olivine gabbro 
strip is cut by numerous circular pipes of leucocratic material, 
apparently diapirs from the underlying apophysis (plate 2.l7b). 
Minor basic intrusions of at least two ages cut the 
Western Granophyre in this area, an older set predating the 
emplacement of the HBM and a younger set which postdates it. The 
older set shows an increasing degree of deformation as the 
contact zone is approached, and at the southeastern tip of the 
peninsula are fragmented into angular blocks several metres in 
length, producing a zone of large-fragment breccia. The breccia 
matrix grades from remobilized granitic material close to the 
granophyre into MMG away from it. 
Around Loc. 131 horizontal layering in the HBM is again 
developed. MMG forming the large-fragment breccia matrix can be 
54 
microgranodiorite 
Plate 2.17b. Pipes of marginal microgranodiorite cutting olivine gabbro 
(Loc.128). 
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traced without break into this area and appears to be continuous 
with a 75cm thick leucogabbro layer. This layer may be traced for 
some distance past Lac. 3 where it forms a conformable part of 
the HBM. Close to its contact with the breccia the leucogabbro 
layer contains abundant interstitial granophyric intergrowths and 
is highly altered. Away from it the proportion of interstitial 
granophyric intergrowth, and the extent of alteration decrease 
progressively. 
2.6.5. Summary 
Wadsworth (1961). in his discussion of the contact 
between the Western Layered Series and Western Granophyre stated 
that it showed "total absence of any of the structural or 
mineralogical modifications which are normally associated with 
the margins of layered intrusions. This suggests that the present 
margin is not the original one, but is probably the result of 
faulting". He went on to argue in favour of Brown's view (1956) 
that the intrusion was emplaced as a solid plug lubricated by a 
marginal gabbro. 
The contact zone at northwest Harris Bay has a complex 
form, with a number of features which cannot be reconciled to the 
view that it is a fault-related structure. In particular, the 
contact has exerted at least local control on the development of 
layering in the HBM, so that harrisitic layers thin and then 
terminate as it is approached. Irregularly shaped harrisitic 
lenses near the contact are elongate parallel to it, and at one 
point acicular olivines have nucleated directly against it. In 
both the MMG vein and MMG-leucogabbro apophysis structures are 
developed indicating that olivine gabbro of the HBM was molten 
56 
when intruded by this felsic material. 
On the other hand the orientation of the three shallow-
dipping elements suggests that layering in the HBM has itself 
exerted control on the development of the contact (figure 2.7). 
Marginal relationships at northwest Harris Bay thus appear to 
furnish ambiguous evidence as to the age relationships between 
layering and the contact. One way of reconciling these apparent 
difficulties is the fault-emplacement model of Brown (1956) and 
Wadsworth (1961). However olivine gabbro showing liquid-liquid 
relationships with MMG and leucogabbro along the contact is 
essentially identical to material forming layering in the HBM, 
and cannot be correlated with Brown's "Marginal Gabbro". An 
alternative explanation of these features is presented in chapter 
7. 
2.7. SOUTHEAST HARRIS BAY 
On the southeast side of Harris Bay an outlier of the 
Western Granophyre outcrops as a narrow strip lO-40m wide (figure 
2.8). It is separated from rocks of the ultrabasic complex by a 
well-developed zone of large-fragment breccia, showing evidence 
of interaction between basic and acid melts. 
2.7.2. Large-fragment breccia 
The Western Granophyre in this area contains numerous 
dolerite dykes and sills which when traced towards the breccia 
are cut by granitiC veins. and then disrupted into a string of 
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scale 
closely spaced angular fragments (plate 2.18a,b). The contact 
between granophyre and breccia is generally sharp and steeply 
dipping. Away from the granophyre the breccia contains an 
increasing proportion of gabbroic blocks and the granitic matrix 
takes on a heterogeneous, mafic character. Unlike the dolerite 
fragments these gabbroic blocks do not have sharp margins, but 
consist of diffuse mafic clots in every stage of disaggregation 
(plate 2.19a,b). Many of the blocks have distinct central 
portions, whereas their margins fade away into the matrix; 
others display sharp contacts along a part of their margin and a 
gradational one along the remainder. Around Loc.238 the breccia 
contains several, metre-sized blocks of olivine gabbro. These 
have complex crenulated contacts with the breccia matrix, similar 
to those along the upper surface of the MMG-leucogabbro apophysis 
at northwest Harris Bay ( plate 2.16b). 
The width of the breccia zone varies from approximately 
Sm between Locs. 236 and 1S3 upto 25m at Loc. 238. It has a sharp 
vertical contact with the ultrabasic complex where it is 
narrowest, but as the zone widens this becomes increasingly 
indistinct. 
2.7.3. Layered rocks 
Along most of the contact, rocks of the ultrabasic 
complex form part of the Harris Bay Member(HBM) of the Western 
Layered 
breccias 
Wadsworth 
Series, to the southeast these give way to 
of the Central Series(CS) (termed Ruinsival 
1961). The transition between these units 
defined in this area. 
peridotite 
Series by 
is ill-
The HBM consists of thin (lO-40cm), alternating gabbro 
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Plate 2.18a. Dolerite dyke cutting the Western Granophyre at Loc. 21 
disintegrates into a series of closely spaced blocks at the contact of the 
intrusion breccia zone - southeast Harris Bay. 
Plate 2.1~b. Detail of intrusion breccia at Loc. 21, southeast Harr is Bay. 
All the fragments seen in the photograph are di s rupted minor intru s ions 
Note their angular margins and the network of remobilized granophyr e veins 
penetrating the blocks internally. 
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Plate 2.19a. Coarse - grained basic blocks with partly diffuse contacts 
against enclosing matrix, intrusion breccia zone southeast Harris Bay (Lac. 
236). 
Plate 2.19b. Gabbroic blocks in intrusion breccia zone southeast Harris Bay 
(Lac. 236). Block in the centre of the photograph has diffuse contacts 
with matrix, other gabbroic blocks have sharp, angular margins. 
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and olivine gabbro layers: thick layers of harrisite are also 
present, i.e. Loc. 231. Layering is not developed throughout, 
and in places a chaotic mixture of olivine gabbro and pink-
weathering gabbro occurs, i.e.Loc. 230 (plate 2.20a). The HBM 
also contains sill-like bodies of fine-grained basic material, 
these lack chilled margins and in places cross-cut layering. 
This material is particularly abundant at Lac. 23. 
2.7.4. Granite veins 
For a distance of at least 30m from the breccia zone 
rocks of both the HBM and CS are cut by numerous thin «10cm), 
granitic veins (plate 2.20b). These have sharp margins, and in 
places contain small angular fragments of olivine gabbro. A 15cm 
wide MMG vein at Locs. 229 and 230 trends at right angles to the 
main contact and can be traced for at least 150m from it. 
2.7.S. Summary - Comparison between contact at northwest and 
southeast Barria Bay 
Despite the Western Granophyre being in contact with the 
HBM at both northwest and southeast Harris Bay, contact relations 
in the two areas are dissimilar. The main difference is the more 
extensive development of large-fragment breccia at southeast 
Harris Bay. This probably reflects both the differing dyke 
density within the granophyre of the two areas, as well as a 
varying angular relationship between the trend of the contact and 
the dykes. Thus at northwest Harris Bay dykes trend sub-parallel 
to the contact, whereas at southeast Harris Bay they often trend 
directly into it. 
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Plate 2.20a. Chaotic layering in Harris Bay Member (Lac. 230). 
Plate 2.20b. Olivine gabbro of Harris Bay Member cut by network of angular 
granitic veins (Loc. 241). 
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Although layering in the HBM at southeast Harris Bay is 
developed to within 10m of the breccia, unlike northwest Harris 
Bay its relationship to the main contact is unclear. This is a 
result of the poorer vertical exposure in this area which lacks 
the steep cliff sections developed in the northwest. However, 
crenulated contacts between olivine gabbro and breccia matrix at 
Loc. 238 are similar to those seen at northwest Harris Bay and 
suggest that both rock types coexisted as liquids. Large-fragment 
breccia in this area contains diffuse gabbroic inclusions in an 
inhomogeneous matrix; these indicate both coexistence of basic 
and granitic liquids, as well as some degree of interaction 
between them. 
2.8. HARRIS BAY TO MINISBAL 
2.8.1. Introduction 
Along its western margin, from Harris Bay in the south 
to Minishal in the north, the ultrahaRir. r.ompley iR in contact 
with the Western Granophyre (Black 1954). The contact zone itself 
is poorly exposed, except at Harris Bay (sections 2.6 and 2.7) 
and along the nothern edge of the small valley between the 
summits of Ard Mheall and Ard Nev. Along most of the contact 
units of the ultrabasic complex form part of the WLS(Wadsworth 
1961), however northeast of Ard Nev summit these give way to the 
Outer Breccia Member of the CS (McClurg 1982). 
2.8.2. Gualainn na Pairce 
Along the eastern slopes of Gualainn na Pairce the 
contact zone is partially exposed for a distance of IKm. MMG 
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forms a lO-30m-wide north-south trending strip, 
contact with small areas of heavily altered gabbro. 
locally in 
MMG in this 
area contains conspicuous dendritic crystals 1-2cm in diameter, 
representing amphibole and chlorite pseudomorphs after 
orthopyroxene. 
2.8.3. Contact zone northeast of Ard Mheall 
Immediately northeast of the summit of Ard Mheall the 
contact zone between the Western Granophyre and Ard Mheall 
Member(AMM) of the WLS is exposed. An extensive lens of large-
fragment breccia upto 35m wide is developed along the contact. 
Large angular dolerite blocks, up to 1m in diameter, derived from 
minor basic intrusions cutting the granophyre comprise the 
majority of fragments. The actual contact between the breccia and 
the peridotites of the AMM is not exposed. Layering in the AMM 
dips at approximately 240 away from the contact. 
Between Locs. 15 and 12 a large, elongate strip of 
banded Lewisian gneiss is intimately associated with the breccia 
zone. The orientation of the gneiss fabric is fairly consistent 
throughout, suggesting that it represents a single, intact block. 
The gneiss shows evidence of severe thermal metamorphism, with 
the partial loss of fabric in 1eucogneiss bands, disruption of 
pre-WLS Tertiary dykes (plate 2.21a), and development of a 
reticulate vein-network in the amphibolite horizons (plate 
2.12b). 
In general, however, the gneiss has undergone less 
disruption than the granophyre, so that where it is cut by 
dolerite dykes these are boudinaged, but rarely fragmented to the 
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Plate 2.21a. dykes cutting Lewisian gneiss along the contact 
northeast of Mheall. The dykes have been boudinaged but are I ss 
disrupted than those in the adjacent Western Granophyre (Loc. 15). 
Plate e gneiss net - ve d by material 
from the adjacent leucogneisses (Loc. 13). Contact northeast of Ard Mheall. 
Plate 2.21c. Heavily veined orthopyroxene gabbro (loc. 11). Contact 
northeast of Ard Mheall. 
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extent shown in the adjacent large-fragment breccias (plate 
2.21a). This difference in the mechanical behaviour of gneiss and 
granophyre during contact metamorphism. reflects both the more 
basic composition of the Lewisian. and also the competent 
behaviour of amphibolite bands. These refractory horizons would 
have remained rigid protecting the adjacent leucogneisses from 
significant disruption even where these had undergone significant 
partial melting. 
To the north of the gneiss, at Loc. 11 are several 
outcrops of heavily veined orthopyroxene gabbro (plate 2.21c). 
Large-fragment 
angular blocks 
breccia south of this locality contains numerous 
of orthopyroxene gabbro and MMG. while to the 
north of it at Loc. 3 are several isolated outcrops of MMG. These 
occurences are notable for the freshness of the orthopyroxene 
they contain; elsewhere along the contact it is generally 
replaced by amphibole or chlorite. 
2.8.4. Summary . 
This segment of the contact is poorly exposed except in 
the area northeast of Ard Mheall summit. Here an area of Lewisian 
gneiss is intimately associated with a zone of large-fragment 
breccia. The gneiss appears to be a single coherent block which 
underwent significantly less disruption than the adjacent 
granophyre. 
2.9. PRIOMa LOCHS 
In the area between Long Loch and Loch Bealach Mhic 
Neill the ultrabasic complex has a crenulated margin in the form 
68 
of three north-south trending peridotite tongues. The contact 
between these bodies and the country rocks is not, however, 
exposed. Immediately to the north of the most westerly peridotite 
tongue is a small, composite plug of peridotite and gabbro; the 
two bodies may be connected at depth. Along its eastern margin 
this plug is in contact with Tertiary granophyre, the two 
lithologies are separated by a narrow zone of weathered MMG. 
The unconformity between the Basal Torridonian Grit and 
Lewisian gneiss is well exposed immediately east of the Priomh 
Lochs. The junction between these units shows signs of intense 
shearing, with localized disruption of the gneissic fabric, and 
development of a mylonite zone lO-lScm thick. One possible 
explanation of this feature is given in section 7.3.5.3. 
Immediately to the south of this locality a small 
isolated area of Lewisian gneiss outcrops, totally surrounded by 
peridotite and inhomogeneous gabbro. The gneiss has undergone 
severe thermal metamorphism, as indicated by the intense 
disruption and partial obliteration of the gneissic fabric. (plate 
2.22a). The contact with inhomogeneous gabbro along its north and 
northeastern edge is diffuse, with gabbro and disrupted gneiss 
chaotically intermixed (plate 2.22b). It has a sharp vertical 
contact with peridotite along its southwestern edge. The 
orientation of its fabric indicates that this area of gneiss is 
not continuous with the outcrops to the north, but represents a 
detached xenolith within the ultrabasic complex. 
2.10 SUHMAaY AND DISCUSSION 
Despite many differences between the areas examined in 
this chapter, all show a number of common eeatures. Everywhere 
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Plate 2.22a. Thermally metamorphosed Lewisian gneiss at Loc. 60, southeast 
of . Priomh Lochs. 
Plate 2.22b. Inhomogeneous gabbro surrounding Lewisian gneiss xenolith at 
Loc 60. The gabbro contains disrupted gneiss fragments. Priomh Lochs. 
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the country rocks along the contact have experienced severe 
thermal metamorphism. Low-melting point rocks, i.e. those of 
broadly granitic composition, have undergone melting 
mobilization, resulting in the widespread development 
and 
of 
intrusion breccias. Two main varieties are present, large-
fragment breccias containing locally-derived, angular blocks, and 
matrix-rich breccias which have a more diverse assemblage of 
small, sub-rounded inclusions. Along all parts of the contact the 
various units of the ultrabasic complex are cut by a network of 
tningranitic veins. These are formed by local anatexis of the 
country rock, a process termed "back-veining". 
Marginal microgranodiorite (MMG) occurs along many parts 
of the contact, irrespective of local country rock composition, 
forming either discrete bodies or in intimate association with 
intrusion breccias. The largest areas are found where the contact 
has a shallow orientation, as at Beinn nan Stac, lower Dibidil or 
Cnapan Breaca. This relationship may be the result of shallow 
rnof rnnr=~t~ !cting !e ! structural trap to upward-mavins 
batches of MMG magma. 
The proposition that the ultrabasic complex was emplaced 
upwards as a solid plug lubricated by a "Marginal Gabbro" has 
been re-examined during this study. Even in its type area around 
Hallival and Askival no evidence was found to support the idea of 
a discrete gabbroic envelope enclosing the layered rocks. 
Instead, at several localities, peridotite can be traced without 
interruption to within a few metres of the contact, where it is 
separated from the country rocks by a zone of MMG or MRIB. 
During the course of field work a number of conformable 
peridotite horizons where found in Dibidil and on Beinn nan Stac, 
11 
areas previously mapped as underlain by 
intrusions. These discoveries demonstrate 
post-ELS gabbroic 
that this area 
represents an integral part of the ELS. The relationship between 
these rocks and the contact zone along the southwest side of the 
Dibidil valley indicate that the ELS continues under the cover of 
the Southern Mountains. Field evidence, presented in this 
chapter, does not support the view that the ultrabasic complex 
was tectonically emplaced, instead it suggests that it formed in 
.!!.9!. 
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CHAPTER. 3 
rETB.OGRAPHY 
3.1. INTB.ODUCTION 
Lithological and textural variation at the margin of the 
Rhum intrusion and in the adjacent country rocks are discussed in 
this chapter. Mineral chemistry of the rocks is examined in 
chapter 4. Country rocks along the contact show abundant textural 
evidence of partial melting and mobilization. Basic and 
ultrabasic rocks along the contact have textures indicating 
conditions of rapid crystallization, with local preservation of 
primary olivine morphologies lost elsewhere due to later 
equilibration. 
3.2. LlWISIAN GNEISS 
3.2.1. Introduction 
Lewisian gneiss forms the exposed country rock to the 
ultrabasic complex in several areas, where it shows evidence of 
severe thermal metamorphism. and in places partial melting 
(Tilley 1944. Dunham 1968, Thompson 1981). Outside the contact 
zone these rocks are predominantly banded hornblende and biotite 
quartzo-feldspathic gneisses, with subordinate amphibolite 
horizons (Tilley, 1944). 
'13 
3.2.2. Textural evidence of partial maltins in leucognei88es 
Leucogneiss 2 m from the contact at Leac a Chaisteil 
(Loc.224, R162) has distinct laminae, 0.2-0.4 mm wide, composed 
of a delicate micrographic intergrowth, along both quartz-
plagioclase and quartz-alkali feldspar contacts (plate 3.1a). 
Similar textures have been produced during hydrothermal (PH 0 
-
2 
2Kb.) heating experiments on natural metamorphic rocks (Mehnert 
et al., 1973), indicating that the micrographic laminae formed by 
grain boundary melting. The degree of partial melting in R162 is 
approximately 10-20%; significantly higher values occur in 
leucogneisses elsewhere along the contact (Dunham 1968, plate 
27). 
The micrographic laminae in R162 contain abundant 
acicular grains of polycrystalline quartz (up to O.S mm long) 
(plate 3.1b); similar grains in partially melted Torridonian 
rocks have been interpreted as paramorphs after tridymite 
(Harker, 1932). The rock retains its gneissic texture but the 
original mafic crystals are replaced by fine-grained aggregates 
of opaques (ilmenite and magnetite), fibrous green amphibole and 
granular feldspars. Original plagioclase and alkali feldspar 
(microcline and microperthite) are cloudy due to the presence of 
opaque inclusions, and sieve texture is developed locally. 
3.2.3. Leucognei8s malt textures - pressure and temperature 
constraint8 
The existence of tridymite-bearing laminae in the 
leucogneisses helps to constrain the pressure and temperature 
conditions along the contact. The approach used here is similar 
to that of Brown (1963) in his discussion of the petrogenesis of 
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Plate 3 . 1a. Micrographic lamina between quartz and plagiocla se f e ld spar in 
leucogneiss 2m from contact at Leac A Chaisteil (Loc.224 , R162). x40 XPL 
Plate 3.1b . Detail of micrographic lamina adjacent plagiocla se grain. 
Lamina contains quartz paramorph after tridymi te . Leucogne i ss 2m f r om 
contact at Leac A Chaisteil (Loc . 224, R162) x200 xpl 
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the Coire Uaigneich granophyre. Grain boundary melting is 
enhanced where an intergranular fluid is present (Mehnert et al., 
1973), 
supplied 
(Tilley, 
in the case of the Rhum gneisses this would have been 
by the earlier breakdown of biotite and amphibole 
1944). Initially melting would have taken place under 
water-saturated conditions and at a temperature close to the 
minimum in the system Ab-Or-Qz-H20 (Tuttle and Bowen, 1958). The 
presence of plagioclase in these rocks is unlikely to 
significantly increase this temperature. In a study of the 
melting behaviour of 
2Kb.) Thompson (1981) 
leucocratic Lewisian gneiss JE6 (PH20 
found that despite the presence 
-
of 
plagioclase initial melting occurred at the granite minimum 
(figure 3.1). 
Formation of tridymite in the micrographic laminae, even 
at low degrees of partial melting, i.e. 10-20%, indicates that 
fusion took place under conditions where the quartz-tridymite 
inversion curve lies close to the granite minimum (figure 3.1). 
This suggests very low pressures, prohRhly in thp range ?sn±'on 
bars. Because of the large amount of residual alkali feldspar in 
R162 the temperature at Leac a Chaisteil would not have exceeded 
960oC, i.e. the dry liquidus in the system Ab-Or-Si02 (Huang and 
Wyllie, 1975). However, elsewhere on the contact where greater 
degrees of partial melting are indicated (Dunham, 1967), higher 
temperatures may have been achieved. 
3.2.4. Textural modifications in ~phibolitic gneisses 
The more basic gneisses along the contact show a 
progressive breakdown 
recrystallization to a 
of original 
two - pyroxene 
hornblende and 
granulite assemblage 
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Figure 3.1. Pressure - temperature graph showing likely conditions of 
formation of tridymdte - bearing laminae in Lewisian leucogneisses. Also 
shown are the results of melting experiments on Skye leucogneiss JE6 
(Thompson 1981). 
(Tilley, 1944). Unlike the leucocratic gneisses they show no 
development of micrographic laminae between quartz and feldspar 
grains, or of sieve texture in plagioclase crystals. These 
differences probably reflect the lower content of quartz and 
alkali feldspar in the more basic gneisses, and the higher 
anorthite content of their plagioclase. 
These textural modifications are well displayed in 
amphibolite (R-E) from the contact south of Ard Nev (Loc. 12). 
Original hornblende has been replaced by fine-grained aggregates 
of opaques (ilmenite and magnetite), orthopyroxene, clinopyroxene 
and biotite (plate 3.2a). Anhedral plagioclase (up to 6 mm 
diameter), shows both clear and cloudy areas due to incomplete 
recrystallization of original sericitized grains (Tilley, 1944). 
Along their margins plagioclase crystals contain numerous 
clinopyroxene inclusions, often acicular in habit. Quartz occurs 
as anhedral elongate grains (up to 2 mm long), often associated 
with late anhedral biotite and green amphibole. 
3.2.5. Lewisian xenolith at Priomh Lochs 
The unclouded appearance of both plagioclase and 
pyroxene in the basic gneiss (R71) southeast of the Priomh Lochs 
(Loc. 60) indicates a greater degree of recrystallization than 
elsewhere along the contact. This corroborates the field 
evidence indicating that it represents a detached block within 
the ultrabasic complex. In thin section the rock consists of 
elongate, anhedral plagioclase (up to 4 mm long), subordinate 
rounded orthopyroxene (up to 0.5 mm), anhedral interstitial 
clinopyroxene (up to 2 mm), with minor quartz and opaque grains. 
Orthopyroxene is often enclosed by clinopyroxene poikiloblasts 
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Plate 3.2a. Aggregates of opaques, orthopyroxene, clinopyroxene and biotite 
after original hornblende in amphibolitic Lewisian gneiss. Plagioclase has 
patchy appearance due to incomplete recrystallization. Contact northeast 
of Ard Mheall (Loc. 12, R-E) x20 ppl 
Plate 3.2b. Oval shaped grain of orthopyroxene poikiloblastically 
enclosed by clinopyroxene. In Lewisian gneiss southeast of Priomh Lochs 
(Loc. 60, R71). x200 xpl 
(plate 3.2b). Quartz forms anhedral, elongate grains, both within 
and along the edge of plagioclase crystals. 
3.2.6. Lewisian xenoliths in marginal microgranodiorite 
Partially melted Lewisian xenoliths in the marginal 
microgranodiorite body in Dibidil consist of relict areas of 
interlocking, anhedral plagioclase (up to 4 mm diameter), and 
elongate quartz (up to 4 mm long), enclosed in an aphanitic brown 
matrix. The relict plagioclases show pervasive development of 
sieve texture, and are overgrown by acicular, skeletal 
plagioclases (up to 0.75 mm long) (plate 3.3a). The brown 
aphanitic matrix contains abundant, fresh, skeletal plagioclases, 
and may represent devitrified glass (plate 3.3b). Irregularly 
shaped areas (up to 5 mm diameter) of clear quartz or granophyre, 
often with chlorite and epidote, may have formed by late-stage 
volatile build up. The percentage of relict crystals compared to 
aphanatic matrix indicates that the xenoliths have undergone 40-
50% partial melting. Lar~e anhedral, sieve-textured plagioclasee 
similar to those in the Dibidil xenoliths also occur in the 
marginal microgranodiorite at Cnapan Breaca (RlSS). 
3.3. TORRIDONIAH ROCKS 
3.3.1. Introduction 
Torridonian rocks adjacent to the ultrabasic complex 
have experienced severe thermal metamorphism (Harker,l932), and 
show an increasing degree of partial melting towards the contact. 
Outside the contact zone they consist of quartz-rich terrigenous 
sedimentary rocks of varying grainsize. Most units have a high 
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Plate 3.3a. Sieve - textured plagioclase feldspar with acicular, skeletal 
plagioclases along the margin. Aphanitic matrix also contains skeletal 
plagioclases. Lewisian xenolith in Dibidil marginal microgranodiorite body 
(Loc. 80, R153) x40 xpl 
Plate 3.3b. Fresh, skeletal plagioclases in 
(devitrified). Lewisian xenolith in marginal 
Dibidil (Loc. 80, R53). x200 ppl 
dark, aphanitic 
microgranodiorite 
matrix 
body, 
content of sericitized alkali feldspar, generally showing 
secondary haematization, which give these rocks their 
characteristic pink colour. The matrix may be composed of quartz, 
quartz and chlorite, or argillaceous material; zircon and opaques 
are the most common accessory minerals (Black and Welsh, 1961). 
In the following section the textural modifications in 
Torridonian rocks are discussed in the order in which they occur 
as the contact is approached. These changes represent an 
idealized sequence, however the section at Allt nam Ba shows most 
of the features outlined. 
3.3.2. Development of biotite 
At a distance of 70 to 150 metres from the contact the 
first indications of change are loss of pink colouration in the 
sandstone horizons, and induration of the more argillaceous 
layers. Colour change in the sandstones coincides with the 
development of biotite as anhedral, interstitial grains, and 
overgrowths on opaques. Both processes are probably caused by 
hydrothermal circulation in the outer part of the contact 
aureole, and may be related by the following equation: 
4KAlSi 30a + 
(orthoclase) (haematite) (annite) 
Induration of the shale horizons is caused by both development of 
biotite and muscovite at the expense of interstitial argillaceous 
material, and by recrystallization of quartz to an imperfect 
granoblastic - polygonal texture. 
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3.3.3. Mobilization 
At a maximum distance of 45 meters (in Allt nam Ba area) 
the Torridonian shows the first evidence of mobilization with the 
development of convoluted bedding in shale horizons, and of 
breccias of shale fragments in a sandstone matrix in more 
arenaceous layers. Initially this deformation appears to have 
taken place mainly by recrystallization in the solid state, 
without significant partial melting. This is demonstrated by 
breccias at Inbhir Gil (Loc.100, R6l) consisting of shale and 
angular dolerite fragments in an inhomogeneous sandstone matrix. 
In thin section the matrix consists of anhedral quartz grains (up 
to 0.5 mm diameter), elongate, anhedral microperthite (up to 0.8 
mm diameter) (plate 3.4a), and subordinate opaques as small 
clusters overgrown by biotite (plate 3.4b). Shale fragments are 
defined by aligned aggregates of opaques with accessory zircon. 
The clearest evidence of recrystallisation in the matrix is the 
transformation of rounded, sericitized alkali feldspars in the 
Torridonian precursor into fresh, elongate microperthites. 
3.3.4. Textural evidence of partial melting in the Torridonian 
3.3.4.1. Introduction 
Within 45 meters of the contact, Torridonian rocks have 
undergone melting with the development of a number of distinctive 
textures, which are described in this section. A major 
complicating factor, however, is the extent to which mobilization 
has accompanied partial melting. To a certain extent this leads 
to obliteration of primary melt features, as well as enhancing 
83 
Plate 3.4a. Mobilized sandstone matrix of intrusion 
predominantly of recrystallized quartz and microperthite 
grains. Inbhir Gil (Loc. 100, R61) xlOO xpl 
breccia, composed 
with minor opaque 
Plate 3.4b. Shale fragment in intrusion breccia, 
opaques, with biotite overgrowths in places, in a 
microperthite. Inbhir Gil (Loc. 100, R6l). x40 ppl 
consists 
matrix of 
of aligned 
quartz and 
the extent of interaction between Torridonian-derived melts and 
extraneous material. The end product of this process is matrix-
rich intrusion breccia, whose petrography is described in section 
3.3.1. 
3.3.4.2. Orbicular Torridonian 
Orbicular structures often occur along 
horizons that reflect original sedimentary layering, 
represent the clearest evidence of in situ melting 
distinct 
and thus 
of the 
Torridonian. In thin section they are circular areas composed of 
a delicate micrographic texture and containing fewer relict 
quartz grains than the surrounding matrix. 
Large orbicules may consist of up to three distinct 
zones (plate 3.5a), i) a clear core, ii) a thin biotite-rich band 
and iii) an outer zone with a radiating micrographic texture 
(plate 3.5b). To a lesser extent micrographic texture is also 
developed in the matrix separating individual orbicules; relict 
quartz grains in these areas often display complex overgrowths 
(plate 3.6a). Quartz paramorphs after tridymite (Harker, 1932) 
occur predominantly within the orbicules, and can be 2 mm long 
(plate 3.6b), but are generally less than 0.3 Mm. Orthopyroxene, 
or biotite and chlorite pseudomorphs after orthopyroxene, are 
found in most specimens of orbicular Torridonian. These are 
generally small grains less than 0.1 mm diameter however, 
skeletal (plate 3.7a) and dendritic forms (plate 3.7b) are 
sometimes present. 
varies 
quartz 
The percentage 
from 40 to 90%. 
compared to areas 
of melting in orbicular 
as indicated by the amount 
of micrographic texture. 
Torridonian 
of relict 
Orbicules 
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Plate 3.5a. Concentric zones in large orbicule. Zone 1- clear core, zone 2-
biotite rich band, zone 3- outer zone with radiating mic rogra phi c 
texture. AlIt nam Ba (Loc. 247, R184) x12 ppl 
Plate 3.5b. Feather - like micrographic i nt erg rowths in outer zone of 
orbicule (plate 3.5a). The intergrowth radiates away from the cent re of t he 
orbicule. Beinn nan Stac (Loc. 157, R128) x200 xpl 
8 
Plate 3.5a. Concentric zones in large orbicule. Zone 1- clear core , zone 2-
biotite rich band, zone 3- outer zone with radiating micrographic 
texture. Allt nam Ba (Loc. 247, R184) x12 ppl 
Plate 3.5b. Feather - like micrographic intergrowths in outer zone of 
orbicule (plate 3.5a). The intergrowth radiates away from the centre of the 
orbicule. Beinn nan Stac (Loc. 157, R128) x200 xpl 
Plate 3.6a. Relict quartz grain in orbicular Torridonian with overgrowth of 
radiating quartz paramorphs after tridymite. Allt Mhor na h Uamha (Loc. 
319, R2l6). x200 xpl 
Plate 3.6b. Quartz paramorphs after tridymite in orbicular Torridonian. 
AlIt Mhor na h Uamha (Loc . 319, R216) x50 ppl 
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Plate 3.7a. Elongate, skeletal orthopyroxene and quartz paramorphs 
tridymite in micrographic matriz - orbicular Torridonian. Beinn nan 
(Loc. 157, Rl28). x40 ppl 
after 
Stac 
Plate 3.7b. Dendrite of orthopyroxene (sectioned at right angle s to c axes) 
in micrographic matrix - orbicular Torridonian. Allt na h Uamha (Loc. 305, 
R205) xlOO ppl 
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develop along distinct horizons presumably reflecting original 
sedimentary layering, and it is therefore likely that original 
compositional differences in the Torridonian play a role in their 
I development. Orbicules may have developed about centres with a 
particularly high content of phyllosilicates; on heating these 
would dehydrate, releasing fluid, and cause an increased degree 
of melting about this original nucleus. The pressure and 
temperature conditions in the aureole, as indicated by 
development of orbicular Torridonian would be similar to those 
for partially melted leucogneiss (figure 3.1.). 
3.3.4.3. Grain boundary melting 
Melting of Torridonian sandstone has not always resulted 
in the development of an orbicular texture, in many cases 
textures similar to those seen in Lewisian leucogneisses have 
been produced. This feature is seen in arkosic sandstone adjacent 
to the breccia zone at Papadil (Loc. 111). Large-scale 
sedimentary layering in this material indicates that it has not 
undergone significant disruption. In thin section it shows 
evidence of partial melting with micrographic laminae between 
quartz and alkali feldspar grains (plate 3.8a). The matrix of the 
adjacent intrusion breccia has a similar texture and differs only 
by containing numerous clots of opaques and biotite. similar to 
those in the breccia at Inbhir Gil (plate 3.4b). 
3.3.4.4. Melt textures in siltstones and shales 
The fine-grained Torridonian rocks along the contact, 
i.e. shales and siltstones. also show evidence of partial 
melting. The more quartz and alkali feldspar-rich laminae have 
Plate 3.8a. Micrographic zone between quartz (upper right) and alkali 
feldspar (lower left) in arkosic sandstone adjacent to breccia zone at 
Papadil (Loc. 111. R68). x400 xpl 
Plate 3.8b. Opaque mineral - rich layer in partially 
relict zircons and small orthopyroxene grains in a 
Allt Mhor na h Uamha (Loc. 318, R215) x100 ppl 
melted shale, contains 
micrographic matrix. 
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Plate 3.9. Back - scattered electron image of partially melted shale. White 
grains are oxide minerals in a band on left side of the photograph. Large 
dark circular areas are relict quartzes with overgrowths. Cordierite (dark 
grey) forms anhedral, rounded grains enclosed by microperthite (light grey 
with slightly striped appearance. Several areas show micrographic texture 
(Lac. 318, R215). 
textures similar to orbicular Torridonian,and contain heavily 
overgrown, relict quartzes enclosed in a micrographic matrix. 
These layers also contain quartz-paramorphs after tridymite, 
minor orthopyroxene and opaques. The more argillaceous horizons 
now consist of aligned aggregates of opaques (ilmenite and 
magnetite), small grains of orthopyroxene (less than 0.05 mm 
long) 
3.Sb). 
areas, 
and sparse relict zircons in a micrographic matrix (plate 
Cordie rite occurs in both the felsic and opaque rich 
where it forms small anhedral grains enclosed by 
microperthite of the micrographic matrix (plate 3.9). 
3.4. JURASSIC ROCXS 
Jurassic limestone at Allt nam Ba lies along the 
ultrabasic complex contact and has recrystallized to a high 
temperature, calc-silicate mineral assemblage (Hughes, 1960). Its 
most northerly occurrence is a small wall-like outcrop below the 
waterfall in the Allt nam Ba stream (!meleus and Forste~ 1979, 
Smith 1985). In thin section this rock is banded, with areas rich 
in either calcite or garnet. Garnet forms rounded, coalescing 
grains up to 2 mm diameter; in places it is strongly zoned, and 
generally intergrown with small anhedral grains of diopside. 
Calcite forms anhedral grains up to 1 mm diametre, and is altered 
in places to secondary carbonate. Wollastonite occurs throughout 
the specimen as elongate, isolated grains up to 0.2 mm long. The 
rock shows evidence of hydrothermal alteration with the 
development of radiating prehnite crystals, and small grains of 
clinozoisite. 
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Immediately to the south, marble is again exposed close 
to several outcrops of marginal microgranodiorite (Loc.l86). This 
is the "impure grey and white limestone" of Hughes (1960). In 
thin section it is a banded rock, with alternating areas rich in 
either calcite or tilleyite. Calcite forms fresh, elongate, 
anhedral grains up to 5 mm long. Tilleyite occurs as rounded, 
twinned crystals up to 0.75 mm diameter associated with sparse, 
anhedral grains of garnet. 
Tilleyite in these rocks forms by the reaction (Winkler, 
1979), 
+ 
2Ca[Si03] 2 wollastonite 
3CaC03 3 calcite 
+ 
-
-
Ca 3[Si207]·2CaC03 1 tilleyite + 
+ 
which defines the minimum stability conditions for this mineral. 
Rankinite has not been observed in these rocks so that the 
reaction (Winkler, 1979), 
Ca3[Si207]·2CaC03 + 4Ca[Si03] - 3Ca 3[Si207] + 2C02 1 tilleyite + 2 wollastonite - 3 rankinite + 2 CO 2 
which defines the upper stability conditions of tilleyite, sets 
an upper limit to the temperature attained in the aureole of the 
intrusion. The equilibrium curves for these reactions have been 
determined by Zharikov and Shmulovich (1969) under conditions of 
Pf - PC02' If pressure in the aureole at AlIt nam Ba is taken to 
be equivalent to that at Leac a Chaisteil, i.e. PC02 - 250 bars, 
the reactions forming tilleyite and rankinite occur at 9200 C and 
9600 C respectively. The pressure conditions in the aureole, 
however, are not known precisely, i.e. 250±lOO bars, which leads 
to an uncertainty of ±400 C in these two temperatures. However a 
value in the range 920-9600 C (±40) is in good agreement with 
temperatures previously estimated from the partially melted 
Lewisian and Torridonian rocks. 
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3.5. TERTIARY GRANOPBYRIS AND PELSITES 
Tertiary granophyres and felsites predate the ultrabasic 
complex, and like the other country rocks have undergone severe 
thermal metamorphism and partial melting. This has generally 
resulted in development of large-fragment breccias (section 3.6); 
structures indicating in situ partial melting i.e. 
unaccompanied by mobilization are difficult to identify . However 
in both Dibidil (i.e. plate 2.8a) and northwest Harris Bay (Loc. 
6) highly lobate contacts with marginal microgranodiorite are 
developed. In thin section granophyre at Loc. 6 shows development 
of a second generation of fine-grained micrographic texture, in 
places containing quartz paramorphs after tridymite (plate 
3.10a); original plagioclase phenocrysts are pervasively sieve 
textured (plate 3.10b). Where felsite is against the contact, as 
at Dibidil (loc.Sl, RSS) and Beinn nan Stac (Loc.1S9, R131), it 
shows complete recrystallization of the fine-grained matrix to a 
delicate micrographic texture, with quartz paramorphs after 
trydimite in places. 
3.6. INTRUSION BRECCIAS 
3.6.1. Large-fragment breccias 
3.6.1.1. Introduction 
Large-fragment breccias are formed in all country rocks 
along the contact of broadly granitic composition, i.e. Lewisian 
leucogneiss, Torridonian arkose, Tertiary granophyres and 
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Plate 3.10a. Quartz paramorph after tridymite i n remelt ed granophyre. 
Northwest Harris Bay (Lac. 6, R8SB) x200 xpl 
Plate 3.10b. Original plagioclase phenocryst in remelted granophyre showing 
sieve texture. Northwest Harris Bay (Loc. 6, R85B). x40 xpl 
95 
felsites. The matrix to the breccias are locally derived and have 
generally not moved far from source, hence the included fragments 
are normally large and angular. 
3.15.1.2. Matri% 
In thin section the breccia matrix is characterized by a 
wide variation in both texture and grain size. Where the matrix 
is derived from Torridonian sandstone it also tends to be 
inhomogeneous, reflecting the variable composition of its 
precursor. Away from the contact, where these breccias are first 
formed, the matrix shows no development of micrographic texture 
as might be expected if a melt phase were present. Instead, as 
noted in section 3.3.3., deformation seems to have occurred 
largely in the solid state. 
This feature is shown by breccia developed in granophyre 
at Lac. 153. Here the matrix is composed of anhedral quartz, 
plagioclase and alkali feldspar crystals, or crystal aggregates 
(up to 4mm diameter), in a fine-grained groundmass (plate 3.11a). 
The crystal aggregates often include anhedral grains of amphibole 
and opaques, and are assumed to be relicts derived from the 
adjacent country rock. The granular textured groundmass consists 
of quartz, plagioclase and alkali feldspar with minor opaques and 
amphibole. 
With increasing proximity to the contact the matrix to 
large-fragment 
microgranophyric 
breccia shows the development of a 
texture developed around either small fresh 
plagioclases, or partially sieve-textured feldspar xenocrysts. 
Quartz paramorphs after tridymite are commonly found where this 
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Plate 3.11a. Matrix to large - fragment breccia, consists of quartz 
feldspar grain aggregates enclosed in fine - grained granular groundmass. 
Southeast Harris Bay (Loc. 153, R121) x20 xpl 
Plate 3.11b. Basic block in large - fragment breccia. Primary siev 
textured plagioclase phenocrysts contain inclusions of orthopyroxen and 
opaques replacing the original melt cavities. Clinopyroxene in groundmas s 
is clouded by opaque inclusions. In lower right corner is an oval clot of 
fine _ grained orthopyroxene and phlogopite. Southeast Harris Bay (Loc. 21 , 
R22) x20 ppl 
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texture is developed in breccias within Torridonian country 
rocks. 
Still closer to the contact the matrix to the large-
fragment breccias becomes progressively more varied in 
composition. Thus at northwest Harris Bay (Loc. 131) partially 
melted granophyre passes into marginal microgranodiorite, while 
at southeast Harris Bay (Loc. 236) it is mixed with coarse-
grained basic material to yield a heterogeneous rock (section 
3.5.). 
3.6.1.3. Pragments 
Basic blocks in the large-fragment breccias have 
undergone partial recrystallization and alteration. Plagioclase 
phenocrysts in dolerite fragments at southeast Harris Bay 
(Loc.21, R22) have a primary sieve texture in which the melt 
inclusions have been replaced by a fine-grained mixture of 
orthopyroxenes and opaques (plate 3.11b). The groundmass also 
contains a considerable amount of fine-grained orthopyroxene, 
either as interstitial patches, or as large ovoid structures (up 
to 3 mm diameter) associated with phlogopite. 
3.6.2. Matrix-rich intu8ion breccia 
3.6.2.1. Introduction 
Along the margin of the ELS large-fragment breccias pass 
gradationally into matrix-rich intrusion breccias (MRIB). MRIB is 
also developed along the contact at northwest Harris Bay, where 
it is intimately associated with MMG. MRIB differs from large-
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fragment breccias in containing a higher matrix component, and 
the enclosed fragments are smaller and less angular. 
3.8.2.2. Fragments 
In thin section this rock type consists of a variety of 
small, generally rounded fragments enclosed in a leucocratic 
matrix. Fragments include dolerite, shale (plate 3.12a), gabbro 
(3.12b,3.13a), and granophyre (plate 3.13b). The gabbroic 
fragments are extremely variable in both grain size and texture, 
and even on the scale of a thin section numerous distinct 
varieties may be present. MRIB at northwest Harris Bay contains 
fewer fragments than are found where this lithology is developed 
against the ELS. 
3.6.2.3. Matrix 
The matrix has a granular texture, consisting of 
anhedral quartz and alkali feldspar, subhedral plagioclase, and a 
subordinate variable content of orthopyroxene, clinopyroxene, 
green amphibole, biotite, chlorite, and opaques. Plagioclases in 
the matrix have a wide size distribution, the larger grains (up 
to Smm long) have irregular, embayed outlines (plate 3.14a), are 
generally altered, partially sieved, and would appear to be 
xenocrystic. Smaller, relatively fresh, euhedral grains of 
plagioclase (plate 3.14b) appear to be a cognate part of the 
matrix. MRIB at northwest Harris Bay contains a relatively high 
plagioclase content in its matrix, many of which have an 
elongate, skeletal habit. 
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Plate 3.1Za. Shale fragment in matrix - rich intrusion breccia . Allt na h 
Uamha (Lac. 297, R200). x12 ppl 
10 0 
Plate 3.12b. Gabbroic fragment in matrix - rich intrusion breccia. Beinn 
nan Stac (Loc. 156, R126). x20 ppl 
Plate 3.13a. Inclusion of clinopyroxene and plagioclase in matrix rich 
intrusion breccia. Northwest Harris Bay (Lac. 122. R78) x20 ppl 
Plate 3.13b. Inclusion of granophyre showing coarse - grained granophyric 
texture in matrix - rich intrusion breccia. Northwest Harris Bay (Lac. 17. 
R12). x40 xpl 
Plate 3.14a. Altered, embayed xenocryst of plagioclase in matrix ri ch 
intrusion breccia. Beinn nan Stac (Loc. 156, R126). x40 xpl 
Plate 3.14b. Fresh plagioclase in groundmass of matrix - rich intrus ion 
breccia. AlIt na h-Uamha (Loc. 297, R200). x40 xpl 
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3.7 MARGINAL MIClOGBANODIOIITI 
3.7.1. Introduction 
Marginal microgranodiorite, also referred to as "hybrid 
rocks· (Dunham 1964, Emeleus and Forster 1979), is a distinctive 
lithology characterized by the presence of elongate to acicular, 
skeletal plagioclase and acicular, or dendritic orthopyroxene (or 
chlorite, amphibole or biotite pseudomorphs after orthopyroxene). 
3.7.2. Pl.lioel ••• 
Plagioclases vary from between 0.5-5 mm in length, and 
have equant to elongate hollow box shapes (plates 3.1Sa,b). Many 
elongate crystals have a discontinuous central canal separated at 
intervals by transverse elements; one three-dimensional form of 
these crystals is given in figure 3.3a. 
I 
Plagioclases have 
homogeneous cores with distinct optical zones developed only 
along the crystal margins (see section 4.); they are generally 
overgrown by granophyric intergrowths of varying grain size 
(plate 3.l5a), which in some specimens contain quartz paramorphs 
after tridymite. 
3.7.3. Mafic min.rals 
The primary mafic mineral in marginal microgranodiorite 
is orthopyroxene, however, in many specimens it is either 
partially or completely replaced by green amphibole, biotite, 
chlorite, or a felted mixture of all three. Orthopyroxene and its 
pseudomorphs vary in form and are either dendritic (figure 3.3b, 
plate 3.16a,b), elongate (plate 3.17a) or acicular. Dendrites are 
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Plate 3.1Sa. Box shaped plagioclase with internal and ext rn 1 
microgranophyre. Beinn nan Stac (Loc. 169, R139) xSO xpl 
Plate 3.1Sb. Skeletal plagioclase in marginal microgranodiorite. Contact 
northwest of Ard Mheall (Loc. 7 , R3). xSO xpl 
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Figure 3.2. A. Proposed three - dimensional mor phology of skel etal 
plagioclase crystals in marginal microgranodiorite. B. Three - di mens ional 
sketch of orthopyroxene dendrites (and chlorit e - bi otite amphibol 
pseudomorphs after orthopyroxene) in marginal microgranodiorite. (a) -
central rib along concave outer lurface, {b)-.pinel elongate parallel to 
crystallographic c. 
b 
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Plate 3.16a. Large pseudomorphed orthopyroxene dendrites, now composed of 
chlorite and amphibole, in marginal microgranodiorite. Note the central rib 
from which spines project. Northwest Harris Bay (Loc. 128, R90). 
Plate 3.16b. Section through part of amphibole dendrite cut at right angles 
to crystallographic c axes. Northwest Harris Bay (Loc. 128, R90) x200 ppl 
Plate 3.16a. Large pseudomorphed orthopyroxene dendrites, now composed of 
chlorite and amphibole, in marginal microgranodiorite . Note the central rib 
from which spines project. Northwest Harris Bay (Loc. 128, R90). 
Plate 3.16b . Section through part of amphibole dendrite cut at right angles 
to crystallographic c axes. Northwest Harris Bay (Loc. 128 , R90) x200 ppl 
Plate 3.17a. Elongate orthopyroxene crystal in marginal microgranodiorite. 
Beinn nan Stac (Loc. 171, R141). x100 ppl 
Plate 3.17b. Orthopyroxene dendrite with clinopyroxene rim. Groundmass 
consists of diverging sprays of plagioclase with interstitial orthopyroxene 
and clinopyroxene. Angular fragment in breccia northwest of Ard Mheall 
(midway between Locs. 12 and 11, R-D). x12 ppl 
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from 5 nun2 x lnun up to 3x5 em xlmm ( figure 3.3b), elongate or 
acicular forms are up to 5 nun long. In a number of specimens (R3, 
R141, R155) orthopyroxene crystals are overgrown by thin rims of 
clinopyroxene. The differing morphologies of orthopyroxene may 
reflect changes in cooling rate, thus in the large marginal 
microgranodiorite body in Dibidil dendrites are developed along 
the contact with felsite, whereas elongate crystals occur at 
lower levels. 
3.7.4. Groundmaaa 
The elongate plagioclase phenocrysts in the marginal 
microgranodiorite are generally randomly arranged; the groundmass 
is usually a micrographic intergrowth of varying grain size. 
However in the large body in Dibidil the groundmass is a brown 
cryptocrystalline material with numerous minute opaque 
inclusions, and may be devitrified glass. In a few other examples 
the groundmass is composed of a delicate frond-like intergrowth 
of quartz and alkali feldspar. Most marginal microgranodiorite 
samples contain irregularly shaped patches composed variously of 
clear quartz (up to 3 mm diameter), calcite, epidote, sphene, 
biotite and chlorite. These were probably produced by reaction 
with late hydrothermal fluids. 
3.7.5. Xenocrystic plagioclase inclusions 
Marginal microgranodiorite often contains sieve-textured 
feldspars of varying habit; for some crystals it is possible to 
demonstrate that these were derived from Lewisian gneiss (see 
section 3.2.6.). However, in a number of examples at northwest 
Harris Bay (i.e. R46. Ra9), sieve-textured plagioclases retain a 
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subhedral tabular outline, and may be xenocrysts from the 
adjacent Western Granophyre. The presence of xenocrysts derived 
from Vestern Granophyre in both marginal microgranodiorite and 
matrix-rich intrusion breccia together with the textural 
similarities of their plagioclases and their close spatial 
association, points to a genetic link between these lithologies. 
3.7.6. MHG-related fragments in breccia near Ard Mbeall 
A unique lithology which appears to be related to 
marginal microgranodiorite occurs as blocks in the large-fragment 
breccia northeast of Ard Mbeall (Loc. 11). In thin section it 
consists of dendritic orthopyroxene (up to 1.5 cm2 ) overgrown by 
a discontinuous rim of clinopyroxene (plate 3.17b). The area 
between orthopyroxene dendrites is occupied by a series of 
diverging sprays of plagioclase crystals (up to 2 mm long), with 
interstitial grains of orthopyroxene and clinopyroxene (up to 0.7 
mm long). The rock contains minor interstitial quartz and 
compared to "normal" marginal microgranodiorite has a 
significantly higher content of orthopyroxene and clinopyroxene. 
3.8. ACID-USIC llELA'l'IONSBIPS IN BUCCa ZONE 
SOUTHEAST EWmIS BAY 
3.8.1. Introduction 
The large-fragment breccia at southeast Harris Bay 
contains numerous microgabbroic blocks with diffuse margins, 
indicating some degree of interaction with the breccia matrix. In 
thin section the blocks and surrounding leucocratic matrix are 
inhomogeneous with respect to grain size and mafic mineral 
content. 
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3.8.2. Leucocratic matrix 
The matrix is composed of elongate, skeletal plagioclase 
(up to 2 rom long), subordinate altered clinopyroxene as anhedral, 
elongate grains (up to 1.5 rom long), and minor opaques (ilmenite 
and magnetite) (up to 1 mm diameter). The interstitial areas are 
occupied either by small, anhedral grains of quartz and alkali 
feldspar, or by a granophyric intergrowth. The breccia matrix 
also contains large (up to 5 mm long) altered plagioclases which 
are probably relict phenocrysts from the adjacent Western 
Granophyre (plate 3.18a). A distinctive intergranular texture of 
clinopyroxene and plagioclase is developed sporadically in the 
matrix (plate 3.18b). 
3.8.3. Mafic areas 
The mafic-rich areas differ from the matrix in 
containing orthopyroxene, significantly less interstitial quartz 
and alkali feldspar, and have a higher content of clinopyroxene 
and opaques. Plagioclases (up to 3 mm long) often have a hollow 
box morphology (plate 3.19a) and vary from tabular to elongate-
skeletal, clinopyroxene forms anhedral, altered grains (up to 1.5 
mm long), and opaques grains (ilmenite and magnetite) are small 
and anhedral (up to 1 mm diameter). Orthopyroxene, as subhedral 
laths (up to 1.5 mm long), has an uneven distribution and is 
subordinate to clinopyroxene. 
3.8.4. Relationship to HMO and MlIB 
The presence of altered plagioclase crystals derived 
from the Western Granophyre in the leucocratic matrix suggests 
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Plate 3 . 18a. Altered plagioclase , probably derived from Western Granophyre, 
in leucocratic matrix adjacent to coarse - grained mafic blocks . Breccia 
zone southeast Harris Bay (Loc. 236, R173). x20 xpl 
Plate 3.18b. Plagioclase - clinopyroxene intergrowth within leucocratic 
matrix to intrusion breccia. Southeast Harris Bay (Loc. 236, R173). x40 ppl 
Plate 3.19a. Box - shaped plagioclase, orthopyroxene lath (upper right), 
and anhedral clinopyroxene (lower right)in mafic - rich area. Breccia zone 
southeast Harris Bay (Loc. 236, R173). xlOO xpl 
Plate 3.19b. Partially altered olivine, mantled by orthopyroxene, in 
granitic vein cutting olivine gabbro. In upper right corner is small 
granular orthopyroxene representing a cognate phase of the vein. Southeast 
Harris Bay (Loc. 241, R169). x100 ppl 
similarities between this lithology and MRIB. The hollow box 
morphology of many plagioclases in the mafic areas, and also the 
presence of orthopyroxene, may indicate a genetic relationship 
with MMG. 
3.9. TEXTURAL MODIPlCATIONS IN LAYERED BASIC AND ULTRABASIC ROCKS 
ALONG THE CONTACT 
3.9.1. Introduction 
Layered basic and ultrabasic rocks show significant 
changes in texture and mineralogy when traced towards the margin 
of the intrusion. For some distance from the contact they are cut 
by thin (generally less than 10 cm wide), granitic veins. Basic 
rocks take on blotchy appearance due to the presence of 
irregularly shaped granophyric patches, display wide grain size 
variations, and show the development of spherulitic and related 
plagioclase-pyroxene intergrowth textures. Ultrabasic rocks at 
Harris Bay have delicate harrisitic textures suggesting 
conditions of rapid cooling. 
3.9.2. Granite veins 
Thin granitic veins cutting basic and ultrabasic rocks 
near the contact are heterogeneous in texture and composition. 
Those near Tertiary granitic rocks contain large (up to 7mm long) 
altered plagioclases, apparently representing xenocrysts from the 
adjacent country rock. The groundmass varies from being 
predominantly granophyric to consisting of elongate-skeletal 
plagioclases with minor micrographic intergrowths. The percentage 
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of mafic minerals and opaques is also variable. Mafic minerals 
are altered, anhedral clinopyroxene (up to 1 mm diameter), with 
subordinate orthopyroxene in some examples. In both basic and 
ultrabasic rocks olivine close to the veins has undergone partial 
replacement by orthopyroxene (plate 3.19b). 
3.9.3. Basic rocks 
3.9.3.1. Plagioclase-pyroxene intergrowths 
Basic rocks along the contact show large variations in 
grain size and texture even on the scale of a thin section (plate 
3.20a). Plagioclase-pyroxene intergrowth textures are commonly 
developed, particularly along the margin of granitic veins 
(plate 3.22a). These often consist of a spherulitic intergrowth 
of plagioclase and clinopyroxene (plate 3.20b), in which the area 
between the radiating plagioclase crystals is occupied by 
numerous, smalh ~ t·ouching, grains of clinopyroxene. Spherulitic 
intergrowths of plagioclase and orthopyroxene are uncommon. In 
many cases intergrowths have a less regular structure than in 
spherulitic texture, and are composed of one or more plagioclase 
grains intergrown with numerous, small, anhedral clinopyroxenes 
(plate 3.21a ). 
A distinctive intergrowth texture between orthopyroxene 
and plagioclase occurs in granite-veined hypersthene gabbro along 
the contact northeast of Ard Meall (Loc. 11). It consists of 
thin, sub-parallel, and optically continuous orthopyroxene fibres 
intergrown with several coalescing plagioclase grains (plate 
3.21b). 
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changes in 
"bow-tie " 
granular 
(Loc . 5, 
Plate 3.20a. Basic material along contact showing distinct 
texture and grain size. In the centre of the field of view 
texture is developed (Lofgren 1974). This gives way to subhedral 
texture on the left side of the photograph. Northwest Harris Bay 
R82). x12, ppl 
Plate 3.20b. Spherulitic intergrowth of plagioclase and clinopyroxene . 
Gabbro veined by partially melted Torridonian. Inbhir Gil (Loc. 101, R64) . 
x40 ppl 
Plate 3.21a. Irregular plagioclase - clinopyroxene intergrowth in granite _ 
veined gabbro underlying matrix - rich intrusion breccia. Beinn nan Stac 
(Loc. 176, R143) x20 ppl 
Plate 3.2lb. Distinc tive plagioclase - orthopyroxene intergrowth in granite 
veined orthopyroxene gabbro. Contact northwest of Ard Mheall (Loc. 11, 
R8). x20 ppl 
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Plate 3.22a. Spherulitic texture in gabbro developed along contact with 
granite vein. Southeast Harris Bay (Loc. 25, R123). x20 ppl 
Plate 3.22b. Micrographic texture forming irregularly shaped patches in 
blotchy, contaminated gabbro. Clinopyroxenes in and around these areas are 
altered to green amphibole. Northwest Harris Bay (Loc . 136, R179). x20 ppl 
3.9.3.2. Origin of plagioclase-pyroxene intergrowth texture I 
By analogy with the results of experimental studies 
(Lofgren, 1974), spherulitic textures in the basic rocks along 
the contact formed at high degrees of supercooling. These 
conditions are to be expected along the contact of an intrusion 
where magma cools and crystallizes rapidly against relatively 
cold country rocks. 
is consistent with 
intrusion is the 
faulting. 
Although this evidence is not conclusive, it 
the view that the present margin of the 
original one and did not develop due to 
3.9.3.3. Micrographic patches 
In addition to being cut by thin granitic veins, basic 
rocks along the contact often have a blotchy appearance due to 
irregularly shaped, pink weathering, patches (generally 1-2 cm 
diameter). These are composed of a micrographic intergrowth of 
variable grain size, accompanied by minor apatite, epidote and 
chlorite (plate 3.22b). Plagioclase and pyroxene in the vacinity 
of these areas shows a greater degree of alteration than 
elsewhere in the specimen. -Marginal gabbro- described by Brown 
(1956), and outcropping as a weathered lithology along the banks 
of Allt na h-Uamha (loc. 308, R208) is probably a coarser-grained 
equivalent of these blotchy gabbros. 
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3.9.4. Ultrabasic rocks 
3.9.4.1. Delicate harrisitic-textured ultrabasic rocks 
At northwest Harris Bay ultrabasic material along the 
contact between Locs. 122 and 123 has a delicate harrisitic 
texture of randomly orientated acicular-skeletal olivines (up to 
1 cm long), in a groundmass of elongate plagioclase (up to 3 mm 
long), and interstitial clinopyroxene. Rounded ultrabasic 
inclusions in the MMG vein at Loc. 17 display a distinctive 
variety of this texture,in which altered acicular olivines (up to 
1 cm long) again have a random orientation, but here the 
groundmass consists of sprays of acicular plagioclases (up to 2 
mm long) and interstitial, anhedral grains of clinopyroxene 
(plate 3.23a). In all these rocks the olivines are heavily 
altered to a mixture of serpentine, talc, chlorite and opaques, 
with the result that the fine-scale morphology of the crystals 
has been destroyed. However the acicular nature of the olivine, 
and the morphology of plagioclase in the groundmass, by analogy 
with experimental studies, suggest that this texture developed at 
high degrees of supercooling (Lofgren 1974. Donaldson 1976). 
3.9.4.2. Ultrabasic material in breccia at aoutheaat Barris Bay 
Within the breccia zone at southeast Harris Bay 
(Loc.238) a small area of ultrabasic rocks overlies leucocratic 
material similar to that forming the breccia matrix at Loc. 236 
(as described in section 3.8.2). The contact between these 
lithologies is sharp, but irregular in detail, with distinct 
cusps and lobes developed. In thin section the ultrabasic 
material has a variolitic texture with fans of acicular-skeletal 
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Matrix Variolitic ultraba.'c material 
plate 3.23a. Olivine gabbro inclusions in margina l microgranodiorit e vein. 
Acicular, harrisitic olivines (replaced by talc, chlorite and serpent i ne ) 
enclosed in delicate matrix of intergrown clinopyroxene and plagioclase. 
Northwest Harri s Bay (Loc. 12, R15a). x12 ppl 
Plate 3.23b. Contact between breccia matrix and ultrabasic 
Ultrabasic material has a vario1itic texture with diverging 
skeletal plagioclase which have nucleated against the contact. Br 
southeast Harris Bay (Loc. 238. Rl7l). x20 ppl 
m trial. 
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Plate 3.23a. Olivine gabbro inclusions in marginal microgranodiorit e vein. 
Acicular, harrisitic olivines (replaced by talc, chlorite and serpentine ) 
enclosed in delicate matrix of intergrown clinopyroxene and plagioclase. 
Northwest Harris Bay (Loc. 12, RI5a). xl2 ppl 
Plate 3.23b. Contact between breccia matrix and ultraba sic materia l. 
Ultrabasic material has a variolitic texture with diverging fans of 
skeletal plagioclase which have nucleated against the contact . Breccia zone 
southeast Harris Bay (Loc. 238. RI71). x20 ppl 
plagioclases radiating away from the contact. Individual 
plagioclases are up to 3 mm long and interstitial areas are 
occupied by anhedral grains of clinopyroxne (plate 3.23b). The 
ultrabasic material also contains skeletal olivines (up to 7 mm 
long, in places replaced by iddingsite) aligned parallel to the 
local contact. These olivines retain their fine-scale morphology 
(plate 3.24a,b) and many closely resemble "hopper olivines· grown 
in experimental crystallization studies (Donaldson, 1974). 
Olivines with a similar well-developed skeletal form are found 
locally in ultrabasic material against the main contact at 
northwest Harris Bay (Loc. 17, R14). 
3.9.4.3. Textural equilibration in !hum cumulates-evidence of 
rapid cooling along the contact 
Recent work by Hunter (1987) suggests that in the Rhum 
intrusion cumulus crystals changed shape during sedimentation and 
compaction, in order to minimise their surface energies. The 
textures seen in ·cumulates· may therefore not be those of the 
early-formed crystals but the end product of a process of 
textural equilibration. Hunter shows that this is so for many 
allivalite and peridotite layers, which frequently show 1200 
triple junctions between adjacent grains. Ultrabasic material at 
southeast Harris Bay (Loc. 238) is an exception to this, 
containing olivines which retain their primary skeletal 
morphology. This seems to have taken place because ultrabasic 
magma quenched against cooler, more acid magma, and both cooled 
quickly to ambient temperatures. 
A similar process probably occurred to produce delicate 
harrisitic texture in ultrabasics along the contact at northwest 
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Plate 3.24a. Olivine in variolitic ultrabasic material showing preservation 
of primary, delicate, skeletal morphology. Southeast Har ris Bay (Loc . 238 , 
RIll). xlOO xpl 
Plate 3.24h . Hopper olivine in variolitic ultrabasic material. Southeast 
Harris Bay (Loc. 238, RIll). x200 ppl 
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Harris Bay. Although the fine detail of the olivine morphology in 
these rocks has been lost due to alteration, their random 
orientation and the texture of the groundmass again suggests that 
subsolidus equilibration has not occurred. 
3.9.4.4. Textural evidence of interaction between peridotite and 
Torridonian-derived partial melta 
At several localities textural evidence indicates that 
Torridonian-derived partial melts have interacted" with solid 
material from peridotite layers. North of AlIt nam Ba a large 
outcrop of orbicular Torridonian (Loc. 249, 250) contains several 
coarse-grained mafic-rich patches. In thin section these consist 
of large, sometimes skeletal olivines (at least 1.5 em long) with 
orthopyroxene rims (plate 3.25a), enclosed in a crypto-
crystalline matrix containing quartz paramorphs after trydimite 
(up to 2 mm long). The rock also contains large relict 
plagioclases with sharp, curved outlines against the matrix, 
indicating that they have undergone an episode of resorbtion. The 
texture' of this rock suggests that crystalline material from the 
adjacent Unit 1 peridotite has been engulfed and reacted with a 
silica-rich partial melt derived from the local Torridonian 
rocks. 
Along the stream east of Papadil Lodge (Lac. 115) 
peridotite and Torridonian are in places less than 1 metre apart. 
In thin section Torridonian material adjacent to peridotite 
consists of anhedral, elongate orthopyroxene crystals (up to 1.5 
cm long) with clinopyroxene rims, in a matrix composed of an 
intricate frond-like intergrowth of quartz and alkali feldspar 
(plate 3.25b). The matrix contains a second generation of 
12S 
Plate 3.25a. Olivine rimmed by orthopyroxene in crypto - crystalline matrix 
containing quartz paramorphs after tridymite. Allt nam Ba (Loc. 250, Rl85). 
x12 ppl 
Plate 3.25b. Torridonian - derived partial melt consisting of orthopyroxene 
megacrysts in a groundmass of intergrown quartz and alkali feldspar. High 
relief acicular grains in the groundmass are orthopyroxene. Papadil Lodge 
(Loc. 115, R75). x12 ppl 
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orthopyroxene, distinct from the megacrysts, forming acicular 
grains (up to 0.3 mm long) between quartz-feldspar intergrowths. 
The rock also contains rare ovoid structures (up to 0.5 cm 
diameter) composed predominantly of minute orthopyroxene grains 
(up to 0.05 mm diameter), and a few large phlogopite crystals (up 
to 2 mm long). Although this rock does not contain olivine, the 
magnesian composition of the orthopyroxene megacrysts suggests 
that they formed by reaction with olivine from the adjacent 
peridotite (see section 4.4.). 
3.10. ALTERATION 
Many of the rock types along the contact show evidence 
of severe hydrothermal alteration. Olivine is pseudomorphed by 
iddingsite or replaced by a mixture of serpentine, talc, chlorite 
and opaques. Clinopyroxene and orthopyroxene are sometimes 
completely replaced by fibrous green amphiboles, or by a felted 
mixture of chlorite, biotite and amphibole. Plagioclases, 
particularly those in the matrix-rich intrusion breccias, show 
clouding and sericitization. At AlIt nam Ba calcite in marble is 
altered to secondary carbonates, the rock also contains 
clinozoisite and radiating prehnite crystals. Marginal 
microgranodiorite contain irregularly shaped patches of coarse-
grained clear quartz and various other minerals including 
calcite, epidote, sphene, biotite and chlorite. The processes 
involved in hydrothermal alteration and their relationship to the 
cooling history of the intrusion are discussed in chapter 7. 
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3.11. DISCUSSION 
country rock within the contact aureole of the 
ultrabasic complex contains abundant textural and mineralogical 
evidence of partial melting and mobilisation. Away from the 
contact mobilisation has taken place in the solid state without 
significant partial melting. Within the contact aureole there is 
also evidence of in ~ partial melting with the development of 
orbicular structures in the Torridonian and micrographic laminae 
between quartz and feldspar grains in Lewisian leucogneiss. These 
textures and the presence of tilleyite in limestones at AlIt nam 
Ba have been used to constrain the temperature and pressure 
conditions along the inner part of the aureole. A full discussion 
of these matters is deferred to chapter 4, following the 
presentation of the results of two pyroxene and plagioclase-melt 
geothermometry. 
Where mobilisation has accompanied partial melting both 
large-fragment and matrix-rich intrusion breccias have been 
produced. In most cases the groundmasses of these breccias 
contain fresh, often skeletal, plagioclase, indicating some 
degree of interaction with more basic melts. Textural evidence 
suggests a genetic link between matrix-rich intrusion breccia, 
marginal-micro-granodiorite and the inhomogeneous breccias of 
southeast at Harris Bay. 
Basic and ultrabasic rocks along the contact have 
textures indicating conditions of rapid crystallization. In 
particular, ultrabasic rocks along the margin locally preserve 
delicate skeletal textures in olivines which have been lost 
elsewhere due to later equilibration. Quenched textures in both 
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basic and ultrabasic rocks along the contact indicate high 
cooling rates and suggest that the present margin is the original 
one and not a result of later faulting. 
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CHAPTER 4 
MINERAL CBIMISTRY 
4.1. INTRODUCTION 
Major-element analyses of minerals in rocks from the 
contact zone are presented in this chapter. The results obtained 
from both two-pyroxene and plagioclase-melt geothermometry are 
also presented and compared with temperature estimates based on 
petrographic evidence, as outlined in chapter 3. 
A summary of analytical procedures is given in appendix 
2. The overall variation in each analyzed sample is summarized in 
table 4.1; representative analyses are given in tables 4.2 - 4.6. 
4.2. FELDSPARS (Table 4.2) 
4.2.1. Marginal microgranodiorite 
Fresh, skeletal plagioclases in marginal 
microgranodiorite (MMG) are normally zoned with an overall range 
in composition from An10.7-47.6 (table 4.1). Generally the more 
extreme sodic compositions form a thin zone along the outer 
margin, whereas the central portion is more homogeneous, with 
analyses in the range An30-47. Most crystals are overgrown by 
microgranophyric rims in which quartz is intergrown with alkali 
feldspar (Or7.6Ab82.5An9.9-0r86.6Ab12.8AnO.6). These intergrowths 
are fine-grained with individual filaments thinner than area 
resolvable with the electron beam (1 micron); most analyses are 
therefore a variable mixture of quartz and alkali feldspar. 
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4.2.2. Sieve-textured feldspars in MHG 
4.2.2.1. Introduction 
Sieve-textured plagioclases are found in several MMG 
samples, either as small single crystals with a tabular outline 
(R155,R51), or as aggregates of large anhedral grains (R155). 
4.2.2.2. Tabular sieved plagioclases 
Compositional variation across a single tabular crystal 
in MMG R155 is shown in plate 4.1. The outer part consists of a 
continuous sieve-textured zone between 0.05 - O.15mm thick, 
overgrown by a thin, discontinuous rim. At several points the 
sieve-textured zone penetrates into the central core as elongate 
channels, exploiting cleavage traces in the crystal. The clear 
core is normally zoned from An3l.8-40.5. The sieve-textured 
margin has a variable composition from An25.6-32, with small 
quartz grains in places. The discontinuous rim has the 
composition An43.2-48.3. 
4.2.2.3. Sieve-textured crystal aggregates 
Analyses on two large anhedral, sieve-textured grains in 
R155 are shown in plate 4.2. These feldspars form aggregates of 
touching grains with mutually curved outlines. Sieve texture is 
developed pervasively and the crystals are overgrown either by 
radiating 
plagioclase 
either of 
skeletal plagioclases, or by a thin, discontinuous 
rim. Sieve-textured areas consist of small domains 
plagioclase (An25.5-6l.1) or quartz and alkali 
feldspar. The rim consists of calcic plagioclase (An59.2), while 
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the overgrowths of radiating skeletal crystals (An4l.3-4l.9) have 
a composition similar to those in the groundmass. 
4.2.2.4. Source of sieve-textured plasioclasea in MMG 
Plagioclase phenocrysts in felsite (RlS6), the nearest 
wall rock to MMG Rl5S, are more albitic (Anl7.4-26.S) than any of 
the sieve-textured crystals and hence could not be their source. 
The morphological similarity between plagioclases in gneiss 
xenoliths from the Dibidil MMG body and the sieve-textured 
crystal aggregates in R155 suggests that the latter were 
. probably derived from the Lewisian at depth. The more tabular 
crystals may represent partially resorbed, early-formed, 
phenocrysts. 
4.2.3. Acid-basic zone in breccia at southeast Barris Bay 
Plagioclases in both the diffuse microgabbroic blocks and 
enclosing leucocratic matrix overlap in composition. In the 
matrix, skeletal plagioclases have an overall range from An20.7-
39.0, comparable to that in the MMG, to which these rocks bear a 
close similarity. Large altered feldspars in the matrix consist 
of a mixture of plagioclase (An17.9-40.2) and orthoclase 
(Or82.5,Ab16.9,AnO.6 - Or89.1,AblO.9,AnO), and may be xenocrysts 
derived from the adjacent Western Granophyre. Plagioclases in the 
gabbroic blocks range in composition from An25.4-S5.2. 
The compositional overlap between plagioclases in the 
blocks and matrix is consistent with incomplete mixing between 
acid melt derived by anatexis of the Western Granophyre and basic 
melt from the central complex. 
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4.2.4. Layered gabbroic rocks 
Plagioclase in layered gabbros along the contact has the 
composition An12.2-63.2, and is often overgrown by discrete rims 
of albitic feldspar (An 4.8-14.9). Irregularly shaped granophyric 
patches, which give many of these gabbros their characteristic 
pink colour, consist of intergrown quartz and alkali feldspar 
(Or85.2,Ab14.3,AnO.5-0rO.O,Ab97.3,An2.7). 
In the amphibole-rich facies ( R58), separating gabbro 
(R59) from MMG in Dibidil (Loc. 83), two distict generations of 
plagioclase are present. Large tabular plagioclases, normally 
zoned from An 29.9-63.2, and small skeletal groundmass crystals 
with the composition An 29.9-43.9. The texture and composition of 
plagioclase in this rock suggests a limited degree of mixing 
between partially crystallized gabbro and MMG melt. 
Plagioclases in basic (R57,R24) and ultrabasic rocks 
(R25,R45) away from the contact are less zoned and more calcic 
than those in material against it. These features reflect the 
higher rates of cooling, and greater degree of contamination 
along the contact compared with the interior of the intrusion. 
4.3. OLIVINE (Table 4.3) 
Olivines in ultrabasic material (R25,R45,R169) of the 
Harris Bay Member are Fo73.l-79.4 (table 4.1), in the laminated 
basic layer R19 they are more fayalitic, i.e. Fo 70.3 - 70.6. 
Xenocrystic olivines mantled by orthopyroxene in the orbicular 
Torridonian at Loc.249 (R187) have the composition Fo 75.9 - 77.0 
and a NiO content of 0.21-0.34wt%, consistent with their 
derivation from Unit one peridotite (see section 2.3.6). 
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TABLE 4.3 REPRESENTATIVE OLIVINE ANALYSES 
LAIUNATBD GRANITB-VBINBD OLIVINB ULTRABASIC ULTRABASIC 
BASIC LAYBR ULTRABASICS XENOCRYSTS IN LAYER NEAR LAYER NEAR 
ORBICULAR CONTACT CONTACT 
TORR I DONlAN 
SAMPLB RI9 RI69 Ri69 Rl87 R45 R25 
NUMBBR 
ANALYSIS OL19-1A OL169-19 OL169-32 OL187-11 OL45-3C OL25-1. 
NUIIBBR 
LOCATION Southeast Southeast Southeast AUtn ... North"est Southeast 
Harris Bay Harris Bay Harris Bay Ba Harris Bay Harris Bay 
SiOz 37.18 38.24 39.29 38,95 38.40 38.65 
FeO 26.22 23.92 18.98 20.97 20.53 20.82 
MnO 0.48 0.58 0.35 0.30 0.33 0.37 
NiO 0.07 0.38 0.28 0.34 0.19 0.25 
MaO 35.49 37.49 41. 45 40.01 40.00 40.08 
CaO 0.05 0.05 0.02 0.01 0.09 0.01 
TOTAL 99.49 100.66 100.37 100.58 99.54 100.18 
Number of ions on the basis of 4(0) 
Si 0.993 0.997 1.001 1.000 0.996 0.997 
Fe 0.586 0.522 0.405 0.450 0.445 0.449 
Nn 0.011 0.013 0.008 0.007 0.007 0.008 
M, 1.413 1.457 1.575 1.531 1. 546 1. 541 
Ca 0.001 0.001 0.001 0.003 
Ni 0.001 0.008 0.006 0.007 0.004 0.005 
TOTAL 3.005 2.998 2.996 2.995 3.001 3.000 
M,* 70.3 73.1 79.2 77.0 77.4 77.1 
Mg* : [ )(1] Ma+Fe+Mn x 100 
4.4. ORTHOPYROXENE (Table 4.4) 
4.4.1. Introduction 
Orthopyroxene, in contrast to its scarcity in the 
interior of the intrusion (Wager and Brown 1968), is a ubiquitous 
mineral in all the rock types of the contact zone, where it shows 
significant variation in its Mg and Fe content (table 4.1). 
4.4.2. Lewiaian gneiss 
Lewisian gneiss along the contact (R71,R-E) has been 
recrystallized to a two-pyroxene granulite assemblage. 
Orthopyroxene in these is En63.9-7Z.6, with AIZ03 0.43-1.52 wt.%, 
CaO 0.95-2.37 wt.%, and TiOZ 0.13-0.5Z wt.%. 
4.4.3. Melted Torridonian rocks 
Small granular orthopyroxenes in partially melted shale 
(RZl5), and orbicular Torridonian (RlZ8,Rl84), have the 
composition En48.9-62.7. Orthopyroxenes in R215 occur within 
opaque-rich laminae, and this paragenesis is reflected in their 
chemistry, as they are the most Fe-rich compositions analyzed, 
i.e. En48.9-51.9. Orthopyroxenes in all these rocks 
(RZl5,Rl28,R184) have low CaO contents, generally less than 
0.5wt.%, which reflects the low CaO content of the host rock, 
i.e. 0.48wt% in Rl2S. The range in A1203 contents is from 1.25-
2.94wt%, and in Ti02 from O.2l-0.47wtZ. 
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00 TABLE 4.4 REPRBSENTATIVB ORTHOPYROXENE ANALYSES 
M LJ!1IISIAN PARTIALLY ORBICULAIl BIlONZITH-PllYltIC .a ORTIIO- GRAN ITH-VBINIID ULTRAIIASIC 
....-4 GNI!ISS OLTHD TOIIIlIDONIAM III CROGRAMODICIlITH PYROXINI ULTIABASICS IN ORBICULAR 
TOIIRlDON IAN GABBRO TOIIU DON IAN 
SHALl! 
GROONDIWI8 IllGACRYST GROUNDIWJ8 lUll 10 lUll 10 OLIVIKI! 
I. CRYSTAL CRYSTAL OLIVINII XKNOCRYSTS 
SAllPLlI I-I! 1215 121B 175 875 Rl4l R8 R169 R169 RIB7 
NUllBI!R 
ANALYSIS OPRI!-l1A OP21S-27 OP12B-2A OP75-51 OP7S-SAI OPl4l-11 OP8-S OP169-27 OP169-20 OP187-33 
NUllBI!R 
LOCATION Ani Hev AlIt IIItor Beinn nan Papadil Papedil Beinn nan Ard Mev Southeut Southeut AlIt n_ 
na b-Ua.ha Stac Stac Barris 8&7 Barris 8&7 8& 
SiOz 53.52 49.76 51.17 54.02 54.61 53.12 54.49 53.06 55.32 51.16 
TiOz 0.34 0.47 0.21 0.16 0.01 0.33 0.23 0.32 0.07 0.52 
Al z03 0.67 2.94 1.96 0.39 0.50 1. 39 0.97 0.66 0.67 7.50 
FeO 19.09 28.53 25.99 20.54 16.05 18.29 15.30 21.37 14.33 11.20 
CrZ03 0.16 0.07 0.07 0.00 0.02 0.06 0.30 0.10 0.02 0.00 
M,O 0.45 0.52 0.07 0.46 0.17 0.48 0.35 0.66 0.50 0.20 
NiO 0.11 0.00 0.00 0.10 0.08 0.12 0.00 0.08 0.16 0.04 
MilO 24.51 17.09 19.87 23.44 27.55 24.46 27.22 21. 38 27.88 28.58 
CaO 1.08 0.04 0.18 0.76 0.60 1.38 1.04 1.47 0.55 0.64 
NazO 0.01 0.08 0.00 0.04 0.04 0.00 0.02 0.00 0.07 0.02 
TOTAL 99.94 99.50 99.52 99.91 99.63 99.63 99.92 99.10 99.57 99.86 
NUMBER OF IONS ON THE BASIS OF 6(0) 
Si 1.968 1.921 1.945 1.995 1.979 1.955 1.966 1.991 1.990 1.814 
Ti 0.009 0.014 0.006 0.004 0.009 0.006 0.009 0.002 0.014 
Al 0.029 0.134 0.088 0.017 0.021 0.060 0.041 0.029 0.028 0.314 
Fe 0.587 0.921 0.826 0.635 0.487 0.563 0.462 0.671 0.431 0.332 
Mn 0.014 0.017 0.002 0.014 0.005 0.015 0.011 0.021 0.015 0.006 
Mil 1.344 0.983 1.126 1.290 1.488 1.342 1.464 1.196 1.495 1. 510 
Ca 0.043 0.002 0.007 0.030 0.023 0.054 0.040 0.059 0.021 0.024 
Na 0.001 0.006 0.003 0.003 0.001 0.005 0.001 
Cr 0.005 0.002 0.002 0.002 0.009 0.003 
Ni 0.004 0.004 0.003 0.005 0.003 0.006 0.001 
TOTAL 4.004 4.000 4.002 3.992 4.009 4.005 4.000 3.982 3.993 4.016 
M. 67.6 51.1 57.~ 65.5 74.3 68.0 74.1 61.4 76.2 80.7 
Fe + Mn 30.2 48.8 42.2 33.0 24.6 29.3 23.9 35.5 22.7 18.1 
Ca 2.2 0.1 0.4 1.5 1.1 2.7 2.0 3.0 1.1 1.3 M,' 69.1 51.2 57.6 66.5 75.2 69.9 75.6 63.3 77.0 81.7 
• M (M' 1 x 100 
, M.tFe+Mn 
4.4.4. Marginal microgranodiorite and mafic blocks in breccia at 
southeast Barris Bay 
Orthopyroxenes in MMG (R3,R155,R141) have a continuous 
range in composition from En55.3-71.4; those in the diffuse mafic 
blocks at southeast Harris Bay (R172,R173A) are En 61.1-66.4. The 
CaO, Al 203 , and Ti02 contents of the crystals in both rock types 
is similar, with CaO O.81-2.20wt%, Al 203 O.26-2.46wt%, and Ti02 
0.13-0.62wt% 
4.4.5. Basic and ultrabasic rocks 
Orthopyroxene, forming a distinctive intergrowth with 
plagioclase, in orthpyroxene gabbro R8 (section 3.9.3.1.) has the 
composition En63.9-74.6. Orthopyroxene in the laminated basic 
layer at southeast Harris Bay (R24) is En64.5-66.l. while 
crystals in the ultrabasic material in contact with it (R25) are 
En73.5-74.0. CaO, Al 203 , and TiOZ in orthopyroxenes of all three 
rock types show similar ranges ,CaO O.98-2.54wt%, Al z03 0.46-
2.11wt%, and TiOZ O.17-0.60wt%. 
4.4.6. Orthopyroxene for.med by reaction of olivine and siliceous 
melt 
4.4.6.1. Introduction 
Orthopyroxene rims around olivine are found in several 
rock types along the contact. Textural evidence, sections 3.9.2. 
and 3.9.4.4., suggests that these rims formed by 
reaction of olivine and siliceous melt. This reaction may be 
written: 
(Mg,Fe)zSi04 
olivine 
+ Si02 ------> 
siliceous 
melt 
(Mg,Fe)2SiZ06 
orthopyroxene 
4.4.6.2. Granite-veined ultrabasic layers 
Where ultrabasic material at southeast Harris Bay is cut 
by granitic veins (R169), olivines (F073.1-79.4) close to the 
their margins, or as fragments within them, are rimmed by 
orthopyroxene of composition En74.2-8l.4. In most cases the Fo 
content of the olivines and the En content of their rims differ 
by less than 2% which is consistent with the rims forming by 
reaction between olivine and melt from the surrounding vein. 
Small orthopyroxene crystals within the groundmass of 
the veins are distinctly more Fe-rich (En61.4-61.9) than rims on 
olivine. Both the rim and groundmass orthopyroxenes have a 
similar range of CaO, Al 203 , and Ti02 contents, with CaO 0.42-
1.47wt%, Al 20 3 O.31-1.13wt%, and Ti02 0.04-0.32wt%. 
4.4.6.3. Olivine xenocrysts in orbicular Torridonian 
Xenocrystic olivines (F075.9-77.0) in orbicular 
Torridonian at Loc. 248 (R187) are rimmed by orthopyroxene of 
composition En74.2-82.4. Althnugh thp nrthnpyrnxp~pq qhnw wi~@r 
Mg-Fe variation than the enclosed olivines, there is again a 
sympathetic variation between them, so that the more Mg - rich 
olivines are rimmed by the more Mg-rich orthopyroxenes. 
The orthopyroxene rims in R187 have a high, but variable 
Al203 content from 1.61 to 7.92 wt%. In one case Al 203 fluctuates 
from 1.8 to 5.7wt% in a single orthopyroxene rim. By analogy to 
the experimental work of Anastasiou and Seifert (1972) these 
exceptionally high Al 203 contents indicate crystallization 
temperatures of greater than 1100oC. and possibly greater than 
1200oC. However, the widely fluctuating Al 203 content of the rims 
tt~ 
indicates that their formation was a disequilibrium process and 
therefore any extrapolation of the results of experimental 
studies is unjustified. 
Crystal rims in Rl87 have low CaO contents (0.08-
0.7lwt%), similar to that in orthopyroxenes from orbicular 
Torridonian (Rl28,Rl84) and partially melted shale (R2lS), again 
reflecting the low CaO content of the Torridonian. 
4.4.6.4. Pused Torridonian adjacent to peridotite, Papidil Lodge 
Orthopyroxene in fused Torridonian adjacent to 
peridotite (R7S) at Loc.llS occurs in three habits (section 
3.9.4.4). Anhedral, elongate crystals up to l.Scm long, in 
places rimmed by clinopyroxene, have the composition En7l.4-77.3. 
small groundmass crystals En6S.S-67.l, and clusters of minute 
grains associated with phlogopite En68.2-74.3. Although this rock 
does not contain olivine, the Mg-rich compositions of the large 
orthopyroxenes are similar to the rims around olivine in Rl69 and 
Rl87. They are also considerably more magnesian than the 
groundmass crystals. and hence may have formAd hy r.omplptp 
reaction of olivines from the adjacent peridotite. 
As in other Torridonian-derived rocks, orthopyroxenes in 
R7S have a low CaO content, values for the large grains ranging 
from 0.68-l.40wt%, for groundmass crystals from 0.77-0.7wt%, and 
for grain clusters from O.4-0.83wt%. Al Z03 in all these crystals 
is in the range O.Z5-0.98wt%. and Ti02 from O.Ol-O.l7wt%. 
4.5. CLINOPYROXENE (Table 4.5) 
Clinopyroxenes 
relatively homogeneous, 
in igneous rocks along the contact are 
with compositions in the range 
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TABLB 4.6 RBPRBSBNTATIVB CLINOPYROXBNB ANALYSBS 
IlARBLi LIIfIBIAM BiONZITI- .. .a GABBROIC ORTHOPYROIINI ULTiABASIC 
GliBI88 PIIYJUC BLOCI IN GABBRO LAYD NJAR 
IIIICIO- LARGJI CONTACT 
OJWI()DIORITI PRAGIIINT 
BiICCIA 
SAllPLI D158 I-I 175 1141 13 1173 18 145 
NUIOIIR 
AMALYSIS CP158-15 CPIJ-8 CP15-2' CPl41-14 CP3-1 1111 CP173-20 CPB-71 CP45-7C 
NUMBD 
LOCATION Allt au Ard Nev Papadil &eian aUl Ard Nev Soutbeaat Ard Nev Nortb"eat 
Ba Stao Harria Ba1 Barria Ba, 
SiO: 53.86 52.50 52.30 51.77 52.88 52.44 51.83 49.85 
TiO: 0.01 0.42 0.24 0.70 0.51 0.28 0.73 1.68 
Al z03 0.07 l.15 1.58 1.36 1.12 0.67 1.93 4.86 
FeO 9.98 8.54 9.63 12.16 10.10 9.34 9.62 6.25 
CrZ03 0.00 0.11 0.16 0.06 0.01 0.07 0.05 0.67 
1In0 0.11 0.41 0.27 0.48 0.38 0.63 0.29 0.12 
11,0 12.26 14.06 15.08 15.09 14.25 14.11 14 .69 14.71 
CaOI 24.16 22.31 19.45 17.94 19.85 21.56 20.07 21.31 
NazO 0.13 0.34 0.46 0.27 0.55 0.26 0.51 0.42 
TOTAL 100.58 99.B4 99.17 99.83 99.65 99.36 99.72 99.86 
NUMBER OF IONS ON THE BASIS OF 6(0) 
Si 2.012 1.962 1.960 1.946 1.979 1.975 1.938 1.843 
Ti 0.012 0.007 0.020 0.014 0.008 0.021 0.047 
Al 0.003 0.051 0.070 0.060 0.049 0.030 0.085 0.211 
Fe 0.312 0.267 0.302 0.382 0.316 0.294 0.301 0.193 
lin 0.004 0.013 0.009 0.015 0.012 0.020 0.009 0.004 
118 0.683 0.783 0.842 0.845 0.795 0.792 0.819 0.810 
Ca 0.967 0.893 0.781 0.722 0.796 0.870 0.804 0.844 
Na 0.009 0.025 0.033 0.020 0.040 0.019 0.037 0.030 
Cr 0.003 0.005 0.002 0.002 0.002 0.020 
TOTAL 3.990 4.009 4.009 4.012 4.001 4.010 4.016 4.002 
1(8 34.7 40.0 43.5 43.0 41. 4 40.1 42.4 43.8 
Fe+Mn 16.1 14.3 16.1 20.2 11.1 15.9 16.0 10.6 
Ca 49.2 45.7 40.4 36.8 41.5 44.0 41.6 45.6 
Ca40.6,Mg48.1,Fell.3 (R22) Ca4Z.5,Mg37.8,Fe19.7 (RIS5). 
According to the classification of Poldervaart and Hess (1951), 
the igneous clinopyroxenes are mostly augite, with a few 
analyses of diopside, endiopside and salite. 
Clinopyroxenes in Lewisian gneiss (R-E,R71) along the 
contact are also augite with compositions in the range 
Ca4Z.6,Mg44.5,Fe12.8 - Ca45.Z,Mg4Z.Z,FelZ.6. 
4.6. AMPHIBOLE (Table 4.6) 
According to the classification of Leake (1978), primary 
brown amphiboles in the ultrabasic rocks (R45,R25) and in basic 
blocks in the breccia zone at northwest Harris Bay (R43,R93) are 
pargasitic and edenitic hornblendes. Amphiboles in the ultrabasic 
rocks contain higher TiOZ (4.1Z-4.39wt%) and lower FeOtotal 
(8.49-9.48wt%) than those in the basic fragments with TiOZ (Z.40-
2.S7wt%), and FeOtotal (1.20-11.IZwt%). 
Secondary green amphibole is found in most rock types of 
the contact zone, often as an intergrowth with chlorfte and 
biotite. These amphiboles are actinolite, ferro-actinolite, and 
edenite. 
4.7. COIDIElITE (Table 4.6) 
Cordie rite in partially melted shale CRZI5) is 
homogeneous showing no detectable Mg-Fe variation. 
4.8. CALC-SILICATE ASSEMBLAGE (Tabla 4.6) 
Metamorphosed limestones at AlIt nam Ba (XR158,RlSO) 
contain the high-temperature assemblage garnet, clinopyroxene, 
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~ TABLH 4.6 RHPRHSENTATI VE AMPHIBOLH. CORDIHRITE. GARNHT. WOLLASTON I TE AND 
"1"'"1 
TILLEYITE ANALYSHS 
PRIIlARY BROWN AIIPIIIBOLJ! SIlCONDAilY ORIIIN AIIPIIIBOLI CORDIIRITII ISOTROPIC CINTIU! or IOLLA- TILLIlYITIl 
GAIlNIIT All ISTIOPIC STONITIl 
GAIOOIT 
ULTRABASIC LAYIlRS BASIC III(] III(] PARTIALLY IlARBLIl 
NIlAR CONTACT BLOCI IN IIIILTIID 
LARGII SHALl! 
FIlAGIIIINTS 
BIlIlCCIA 
SAIII'LI R45 R25 R43 R44 R3lA BUS 1R158 1R158 1R158 2150 
NUllBIIR 
ANALYSIIS All 45-Xl All 25-1[2 Aa 43-JU Aa 44-6A All 31-5A Or 215-4 GT 158-6 GT 158-28 .0 158-23 Ti 150-18 
NUIOIIIR 
LOCATION Northwest Southeast Northwest North_st GualaiDD Allt lIhor Allt IlUI Allt IlUI AlIt IlUI Alltnaa 
Harris Bar Harris Ba)' Harris Ba)' Harris Bar na Pairce na h-U_ Ba sa sa sa 
Si02 44 .99 43.45 42.97 52.46 51. 76 49.61 39.67 38.20 52.00 25.25 
Ti02 4.39 4.15 2.57 0.07 0.09 0.09 0.39 0.08 0.08 0.00 
A1 203 9.30 9.27 9.50 1.86 1.49 32.68 18.38 10.84 0.01 0.09 
FeO 8.49 9.48 11.20 13.13 23.53 6.02 5.34 14.67 0.45 0.05 
Cr203 ND ND ND ND ND 0.05 0.08 0.14 0.00 0.03 
MnO 0.13 0.14 0.19 0.40 1.43 0.16 0.03 0.05 0.06 0.00 
NiO ND ND ND ND ND 0.20 0.11 0.00 0.00 0.00 
M,O 15.73 15.40 15.56 15.25 9.10 9.36 0.56 0.00 0.27 0.00 
CaO 10.79 11. 23 11.01 11.41 9.68 0.01 35.31 34.25 47 .89 55.86 
Na20 3.00 2.89 2.56 0.20 0.32 0.03 0.00 0.03 0.00 0.00 
K20 0.72 0.82 0.71 0.20 0.14 0.00 0.00 0.00 0.00 0.02 
TOTAL 97.54 96.83 96.27 94.98 97.54 98.21 99.76 98.26 100.76 81.28 
NUMBER OF IONS ON THE BASIS OF 23(0) 18(0) 24(0) 24(0) 18(0) 
Si 6.524 6.411 6.406 7.789 7.857 5.058 6.112 6.328 5.988 
Ti 0.479 0.461 0.288 0.009 0.010 0.006 0.044 0.012 0.006 
Al 1.590 1.612 1.670 0.326 0.267 3.927 3.340 2.116 
Fe 1.030 1.170 1.329 1.630 2.987 0.513 0.688 2.032 0.045 
lin 0.016 0.018 0.024 0.050 0.184 0.012 0.004 0.008 0.006 
M, 3.399 3.386 3.457 3.374 2.059 1.422 0.128 0.048 
Ca 1.677 1. 775 1.759 1.815 1. 575 5.828 6.080 5.910 
Na 0.844 0.827 0.74 0.058 0.094 0.006 0.008 
K 0.133 0.154 0.135 0.038 0.027 
Cr 0.003 0.012 0.016 
Ni 0.015 0.012 
TOTAL 15.692 15.814 15.81 15.089 15.060 10.962 16.168 16.6 12.003 
LEAKE EDENITIC PARGASITIC PARGASITIC ACTINOLITE FERRO-
CLASSIFICATION HORNBLENDE HORNBLENDE HORNBLENDE ACTINOLITI! 
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calcite, wollastonite and tilleyite. In addition XR158 contains 
prehnite and clinozoisite, indicating retrograde alteration. 
Clinopyroxene in XR158 is a nearly pure Ca-rich sa1ite 
with the compositional range Ca49.7,Mg40.0,FelO.3 
Ca49.2,Mg34.8,Fe16.0. Garnets in XR158 have a high CaO content 
and form a solid-solution of grossular and andradite. Garnets 
showing optical zoning are also compositionally zoned. with cores 
containing a higher andradite content (Le. higher FeOtota1 , 
lower A1 203) than the rims. Wollastonite in XR158 is almost pure 
CaSi03 , with only small amounts of Mg and Fe replacing Ca. 
Likewise tilleyite is virtually pure 
f 1 total d containing only trace amounts 0 A 203,FeO , an Cr203 . 
4.9. GEOTBERMOMETRY 
4.9.1. Two-pyroxene geothe~ometry 
4.9.1.1. Introduction 
~nmpn~it!on~ of coexisting orthc- ~nd clinopyroxene in 
various rock types along the contact have been used to derive 
temperature estimates by the graphical method of Lindsley (1983). 
The range of temperatures and mean values obtained are given in 
table 4.7, histograms of the data for each sample are presented 
in figure 4.1. 
4.9.1.2. Methodology 
As pointed out by Saxena and Nehru (1975) and Mercier 
(1976), both low- and high-Ca pyroxenes should be treated as 
distinct series, with each member of a coexisting pair providing 
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TABLB 4.7 RBSULTS OF TWO-PYROXBNBOBOTHBRNOMBTRY 
ORTHOPYROIINI CLINOPYROIINI 
Suple Rock Location Ran,e No of Wean Ran,e No of Wean 
No Type Analy.e. * 60 Andyae. * 60 
1141 IllIG Loc 141 850-940 5 896 670-1080 5 918 
Beinn nan 
Stac 
13 MJfG Loc 7 870-1025 4 939 805-900 2 850 
Ard Nev 
R155 MMG Loe 191 700-860 5 788 750 1 750 
Cnapan 
Breaca 
R8 Ortbo- Loe 11 710-1210 12 1165 790-1210 11 1005 
pyroxene Ard Nev 
,abbro 
R172 l Gabbroic Loc 236 800-1110 7 991 590-1000 10 759 
R173A Block. in Southealt 
Lar,e-fra,aent Harril Bay 
Brecoia 
124 Balic Sbeet Loe 23 1000-1200 8 1080 950-1050 3 1000 
in Southealt 
Harril Bay Harril Bay 
lIe.ber 
125 Ultrabalic Loe 23 1030-1050 3 1040 980-1100 7 1046 
Layer Southealt 
Harril Bay 
R22 Buic Loc 21 700-750 3 717 960-1105 4 1044 
Block in Southeast 
Breccia Harris Bay 
143 Buic Loc 45 1020-1100 3 1050 910-1040 3 987 
Block in Northwest 
Breocia Harril Bay 
R7l Lewisian Loo 60 820-1200 13 960 750-910 8 825 
Gnei •• PrioD 
Locb. 
R-E Lewiaian Loo 15 800-1000 13 916 670-1000 13 829 
Gneill Ard Hev 
R71 
Of'X 
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Figure 4.1. Histogram of temperatures obtained using Lindsley's (1983) two-
pyroxene geothermometer. 
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independent thermometric information. Coexisting pairs therefore 
provide two temperature estimates which can be compared. The tie 
lines joining these also gives a graphical indication of whether 
or not they were in equilibrium. 
All the pyroxenes from the contact zone, except R22, 
yield tie lines indicating equilibrium conditions. In R22 
orthopyroxene occurs in ovoid structures associated with 
phlogopite, and may have developed by reaction of olivine with 
siliceous melt. Orthopyroxenes in this sample gave distinctly 
lower temperatures than clinopyroxene, and the tie lines joining 
them were rotated relative to those for equilibrium assemblages. 
4.9.1.3. Accuracy 
The accuracy of the thermometer is regarded by Lindsley 
as ±50oC with an increase of SoC for each percentage point by 
which the proportion of non-quadrilateral components exceeds two 
mole percent. In the present case this implies an error of ±60oC, 
which exceeds estimates for accuracy of the thermometer based 
on the analytical error for pyroxenes from the contact zone; 
these analytical errors introduce thermometric errors of ±Sooc 
for orthopyroxene and ±300 for clinopyroxene. 
4.9.1.4. Marginal microgranodiorite 
In MMG R141, R3, and R15S clinopyroxene forms scarce, 
rims to orthopyroxene; with this textural relationship a single 
igneous equilibrium temperature is not to be expected. Both sets 
of pyroxenes give a wide spread of temperatures, with those for 
orthopyroxene in the range 700-102SoC, and from clinopyroxene 
670-1080oC. In view of the textural relationship between 
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clinopyroxene 
derived from 
and orthopyroxene in these rocks, temperatures 
two-pyroxene geothermometry are inferior to those 
from plagioclase-melt geothermometry (section 4.9.2.). 
4.9.1.5. Basic and ultrabasic rocks 
Both ortho- and clinopyroxene in the orthopyroxene 
gabbro R8 give a large range of temperatures i.e. 7l0-l2l0oC. The 
histogram of results gives little indication of any significant 
groupings of data, and it is therefore concluded that the results 
obtained provide little useful thermometric information for this 
sample. 
A wide range of temperatures was also obtained for 
samples of microgabbroic blocks (Rl72 and R173A) in the breccia 
at southeast Harris Bay. Orthopyroxene gives higher values (800-
11l0oC) than clinopyroxene (590 - 1000oC), which may reflect the 
more altered appearence of the latter phase. 
estimates 
grouping 
from orthopyroxene in these rocks form a 
in the range 950-10S00 C, which may 
crystallization temperature of this minprAl. 
Temperature 
significant 
reflect the 
Pyroxenes in basic (R24) and ultrabasic (R2S) layers at 
southeast Harris Bay, with the exception of a single 
clinopyroxene in R2S, give high temperature estimates in the 
range 950-1200oC. which may reflect primary crystallization 
conditions. Likewise pyroxenes from the basic fragment R43 in the 
breccia at northwest Harris Bay give estimates in the range 910-
1100oC, again possibly reflecting crystallization temperatures. 
As noted earlier, this is not the case for the dyke fragment R22 
where orthopyroxene gives temperatures of 700-7S0oC and 
clinpyroxene 960-11050 C. The lower temperature probably reflects 
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the conditions at which the reaction olivine + melt ---> 
orthopyroxene took place, while those for clinopyroxene may 
indicate primary crystallization conditions. 
4.9.1.6. Lewisian gneiss 
Pyroxenes in Lewisian gneiss (R7l, R-E) along the 
contact record a wide range of temperatures with orthopyroxenes 
giving higher values (800-1200oC) than clinopyroxenes (750-
lOOOoC). Lindsley (1983) finds that granulites generally show a 
similar degree of scatter to the Rhum gneisses. He concludes that 
granulites do not give satisfactory results using any of the 
available two-pyroxene thermometers, and that if results are to 
be improved in the future an independent determination of ferric 
iron must be available to augment microprobe data. 
Orthopyroxenes from gneiss R-E 
grouping of data in the range 950-1000oC. 
show a significant 
This value is similar 
to estimates from leucogneisses using petrographic critera 
(section 3.2.3) and may therefore indicate peak temperature 
conditions along the inner part of the contact aureole. 
4.9.1.7. Summary 
The results obtained using the two-pyroxene graphical 
thermometer of Lindsley (1983) are generally unsatisfactory 
with most samples giving a wide range of temperature estimates. 
This is probably not due to any inherent problems with the 
thermometer, but reflects incipient alteration of pyroxenes along 
the contact, probably as a result of interaction with heated 
meteoric waters (see chapter 6). 
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4.9.2. Plagioclase-melt geothermometry 
4.9.Z.1. Introduction 
The skeletal form of plagioclase in the MMG, and the 
delicate intergrowth texture of plagioclase and pyroxene in the 
orthopyroxene gabbro RB suggest rapid cooling or quenching. 
Crystallization temperatures for these rocks were estimated from 
the plagioclase - melt thermometer of Kudo and Weill (1970), as 
elaborated by Drake (1976). The error in the thermometer is given 
as ±34oC by Kudo and Weill (1970), enlarged to ±50oC by Drake 
(1976). 
4.9.2.2. Results 
Skeletal plagioclases in MMG are zoned from cores of An 
47.6 to rims of An 10.7, but in most crystals the extreme sodic 
compositions form a thin marginal zone about a more homogeneous 
central portion (An30-47). For most samples of MMG two 
temperature estimates have bep.n ohtAinp.d (tAhl~ 4.R), nn~ fnr th~ 
core composition and another for the more sodic outer portion of 
the central part of the crystal. 
For MMG R3 two sets of temperature estimates were made, 
one using the one-atmosphere calibration of Drake (1976), and the 
other using that for 0.5 Kb,PH 0 of Kudo and Weill (1970). The 1 
2 
- atmosphere calibration gives values of l070-1106oC which are 
unrealistically high, whereas values of 995-1042oC for conditions 
of 0.5 Kb,PH 0 are perhaps more reasonable. Temperatures for MMG 
2 
R155 and R141 have similar values and are in the range 952-
l033 0 C. 
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TABLE 4.8 RBSULTS OF PLAGIOCLASB-MBLT GBOTHBRMOMBTRY 
Sample Description Pla,ioclase Location XAn XAb XNa XSi Xea XAI T.55 Conditions 
Number Analyeis 
Nu.ber 
R3 !OIO PL3-D Loc 7 .40 .60 .09 .67 .05 .19 1070 I-at •• 
Ard Nev Drake 
11976) 
R3 !OIG PL3-AC Loc 7 .48 .52 .09 .67 .05 .19 1106 
Ard Nev 
R3 !OIO PL3-D Loc 7 .40 .60 .09 .67 .05 .19 995 0.5 Kb PHzO 
Ard Nev Kudo 
and 
R3 MMO PL3-AC Loc 7 .48 .52 .09 .67 .05 .19 1042 Weill 11970) 
Ard Ne\' 
RI55 !OIO PL155-7 Loc 191 .35 .65 .08 .69 .04 .19 952 0.5 Kb 
Cnapan 
Breaca 
PHzO 
RISS 1010 PLISS-8C Loc 191 .45 .55 .08 .69 .04 .19 1015 
Cnapan 
Breac. 
RI41 1010 PLl41-7 Loc 171 .45 .55 .08 .69 .04 .19 1015 0.5 Ib 
Beinn Nan PHzO 
Stac 
Rl41 IOIG PLl41-8 Loc 171 .48 .52 .08 .69 .04 .19 1033 
Beinn Nan 
Stac 
R52 MMG PL52-8A Loc 74 .22 .78 .09 .71 .03 .18 852 0.5 Kb 
Dibidil PHzO 
R52 1010 PL52-16A Loc 74 .45 .55 .09 .71 .03 .18 1034 
Dibidil 
R56 IOIG PL56-9 Loc 84 .28 .72 .08 .71 .03 .18 890 0.5 Kb 
Dibidll PHzO 
RS6 IOIG PL56-12 Loc 84 .48 .52 .08 .71 .03 .18 1031 
Dibidil 
R44 PLU Loc 45 .43 .57 .08 .70 .04 .18 979 0.5 Kb 
Dib1dll 
R8 Orthopyroxene PL8 Loc 11 .60 .40 .07 .66 .08 .19 1083 0.5 Kb 
Gabbro 
In MMG R52 and R56 the sodic compositions at the edge of 
the skeletal crystals have been used, and this widens the range 
of temperatures to 852-1034 oC for R52, and 890-1031oC for R56. A 
single determination using a plagioclase core composition from 
MMG R44 gave a value of 9790 C, and l083 0 C for the orthopyroxene 
gabbro Ra, using the most calcic plagioclase analyzed. 
4.9.2.3. Summary 
Estimates of the crystallization temperature of MMG 
melt obtained using the plagioclase-melt thermometer lie in the 
range 852-1042oC, with a value of l083 0 C for the orthopyroxene 
gabbro R8. Temperatures derived using rim compositions are 
probably under-estimates, while those using the calcic cores may 
be too high. Temperatures in the range 950-1000oC at O.5Kb PH 0 
2 
would appear to be a more realistic estimate of the 
crystallization conditions of MMG magma. 
4.9.3. Temperature and pressure conditions along the inner part 
of the contact aureole 
Temperatures obtained from petrographic evidence and 
geothermometry present a consistent picture of the thermal 
conditions along the inner part of the contact aureole. 
Tridymite-bearing melted Lewisian gneisses and Torridonian rocks 
experienced a pressure of approximately 250±lOO bars and 
temperature up to 960oC. The presence of tilleyite and lack of 
rankinite in limestones at AlIt nam Ba indicate a maximum 
temperature in the range 920-960oC±40. Two-pyroxene thermometry 
for Lewisian gneiss along the contact indicates that peak 
conditions were in the range Plagioclase-melt 
thermometry indicates that MMG magmas crystallized at 
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temperatures in the range 950-l000oC, orthopyroxene gabbro R8 at 
about l080oC. 
4.10. CONCLUSIONS 
Compositional variation in minerals from the contact 
zone demonstrates several types of interaction between the 
ultrabasic intrusion and its surrounding country rocks. On a 
small scale olivine in peridotite has reacted with Sial-rich 
anatectic melt to produce Mg-rich orthopyroxenes. In the breccia 
zone at southeast Harris Bay incomplete mixing of anatectic and 
basic melts is reflected in the compositional overlap between 
plagioclases in the microgabbroic blocks and their enclosing 
matrix. MMG (R1SS) contains sieve-textured plagioclases, whose 
morphology and calcic composition indicate that they were derived 
from Lewisian gneiss at depth. This demonstrates that MMG melts 
have ascended along the walls of the intrusion: a feature that is 
pursued further in chapter 7. 
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• CHAPTER S 
WHOLE-ROCK MAJOR AND TRACE ELEMENT GEOCHEMISTRY 
5.1 INTRODUCTION 
The whole-rock major and trace element chemistry of the 
various rocks of the contact suite are discussed in this chapter. 
In the first section the major element chemistry of MMG. MRIB and 
related rocks are discussed before examining variation in the 
contact suite as a whole. Alternative petrogenetic models are 
then examined using the results from computer modelling. The 
trace element chemistry of the contact suite is discussed in the 
final section of the chapter. 
Representative analyses are given in table 5.1. C.l.P.W. 
norms in table 5.2. A summary of the analytical procedures 
adopted is given in appendix 2. 
S.2 MAJOR ELEMENT CHEMISTRY OF MKG AND MIIB 
5.2.1. Introduction 
As indicated in chapters 3 and 4 matrix-rich intrusion 
breccias (MRlB) and marginal microgranodiorite (MMG) show 
similarities in both texture and mineralogy. hence the suggestion 
that they have a common origin. In this section the major element 
chemistry of these two lithologies. plus that of other related 
rock types. are examined in detail. 
In the following discussion it is important to note that 
all analyses of MRIB were carried out on the leucocratic matrix 
• 
only. the enclosed fragments were as far as possible removed. 
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TARl.H 5 _ J RKPRHSENTATIVH WHOLE ROCK MAJOR (WTX) AND 
TRACK KLKNHNT (P_P_N.) ANALYSES 
Rock Type 
Locati o n 
S8.p l p 
S i Oz 
ti D. 
A1 20 ) 
fe .. O :) 
reo 
WnO 
WID 
CaD 
Ha 20 
i,O 
P20 . 
LOI 
Total 
Nb 
Zr 
S r 
Rb 
TI 
Ph 
Zb 
ell 
Ni 
Cr 
Ha 
Hf 
c. 
La 
To rr ido nian 
Sand 8t on~ 
In bhtr Gil 
R66 
19.16 
0 .5; 
Itl .29 
2. ; i t t o t sl } 
NO 
0 . 0 1 
I. I J 
0 .14 
2 . 2J 
J.5J 
0 . 02 
0.80 
100 . 8J 
o 
212 
J9 
92 
10 6 
12 
I A 
12 
II 
H 
AOS 
57 
17 
Orbicular 
Torridonia.n 
8rinn nan 
St a c 
RII O 
8J. 66 
0. 15 
8.66 
0. 65 
0. 63 
0 .02 
0. 32 
0 .31 
2 . 30 
3.17 
0.01 
0 .20 
100. 18 
92 
24 
90 
94 
12 
II 
o 
23 
641 
20 
II 
••• tern Tertier,. 
Oranopbyre fell i t. 
North.eat Canapen 
Harri. B., Br •• c. 
R97 RI5S 
72.5. 71.n 
0.52 0.67 
12 . 81 13.07 
2.68 2 . 80 
1.36 1.65 
0.07 0 . 08 
0.35 0.56 
0 . 97 1. 75 
3.79 4.07 
3.89 3 . 21 
0.11 0 . 14 
0.30 0.00 
99.63 100 . 09 
o 
424 
65 
124 
120 
10 
II 
76 
o 
10 
918 
10 
114 
60 
8 
314 
50 
223 
101 
IZ 
69 
11 
o 
26 
969 
101 
55 
IIatrix-U c b 
lntrulion 
Breccia 
B~inn 
naD Stac 
RI U 
64.50 
1. 16 
14 . 57 
2. S5 
3.51 
0 .10 
I. 65 
2 .81 
4. 18 
3.07 
0.28 
1.20 
99.77 
399 
61 
197 
90 
5 
79 
2J 
15 
26 
108 
765 
99 
46 
Matrix-
Rich 
Intrualon 
Breeda 
Nortb"e-at 
Hurt. Sa, 
RI01 
63 . 3 
1.00 
14.87 
3.03 
3.55 
0.11 
1. 71 
3.07 
4.55 
2.51 
0.22 
0.80 
99 . 00 
o 
410 
54 
214 
60 
1 
10 
89 
• 
13 
35 
15 
la 
108 
40 
lllar.inal 
Micro ... 
.ranodiori te 
Cllapan 
Bre&C& 
8155 
65 .30 
0.86 
15 . 62 
1.81 
3.72 
0.10 
2.35 
3.59 
3.83 
2.86 
0.21 
0.00 
100.46 
294 
41 
351 
79 
8 
11 
17 
25 
38 
104 
101 
841 
81 
n 
IIar,lnal 
IIlcro-
,ranodjorite 
Ard Mev 
R3 
65.23 
0.73 
15.62 
2.66 
3.02 
0.08 
2.U 
4.66 
4. 33 
1 . 86 
0.08 
0.40 
99.81 
196 
21 
412 
38 
10 
16 
62 
32 
41 
64 
99 
560 
69 
23 
Bronzi te-
Phlr i c 
Wicro -
,ranodi ori t t 
Pap&<! il 
R75 
63 . 44 
0. 59 
11.44 
1.06 
3.94 
0.08 
5.60 
3.10 
2.55 
1.96 
0 . 21 
0 .00 
99.66 
o 
217 
31 
106 
76 
6 
39 
72 
194 
293 
113 
424 
59 
22 
Ortho pyrox ene 
Gabbro 
Ard Nev 
R8 
69. 09 
1.01 
14.35 
3.30 
5.00 
0.12 
4.94 
6 . 49 
3.15 
J. 81 
0.20 
99 . 26 
6 
201 
30 
267 
41 
8 
13 
76 
82 
90 
191 
162 
494 
68 
21 
Quartz 
Gabbro 
Bein nan 
R130 
55.93 
2.04 
14 . 00 
4.44 
5.H 
0.14 
4. 27 
6.32 
3.48 
1. 84 
0.27 
1.60 
99.97 
318 
46 
243 
57 
o 
76 
53 
J4 
59 
268 
463 
64 
13 
Gabbro 
No rthweat 
Harri. Bar 
R82 
50.20 
2 . 09 
14 . 31 
IZ . 60tol• 1 
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0.17 
6 .70 
10 . 75 
2 . 53 
0 . 39 
0.20 
0.20 
100.36 
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31 
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79 
120 
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Beinn 
nan Stac 
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47.15 
2 . 83 
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TARI.B 6 _ 2 CIPW NOIlMATXV. IIXN.SAL COMPOSXTXONS 
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5.2.2. Petrogenetic models 
Both MMG and MRlB have Si02 contents straddling the 
boundary between acid and intermediate rocks (66Wt% Si02 ), Si02 
in the MMG ranges from 61.4 (R127) to 71.4 (Rl13) Wt%, and in the 
MRlB from 60.6 (R81) to 68.2 (R84B) wt%. As with intermediate 
and acid igneous rocks in general, a number of distinct 
mechanisms can be suggested to account for the MRlB and MMG. 
They could 1) be the fractionation products of a more 
basic melt (Meighan 1979), 2) have formed by fusion of country 
rocks of suitable composition (Brown 1963, Moorbath and Bell 
1965, Dunham 1968, Thompson 1981), or 3) be produced by mixing of 
materials of contrasting composition. 
Mixing processes can be subdivided into, 3i) direct 
mixing of magmas, i.e two-component mixing (Wager and Bailey 
1953, Blake et. ale 1965, Gamble 1979, Bacon 1986, Sparks and 
Marshall 1986), 3ii) assimilation (Bowen 1928, McBirney 1979, 
Taylor 1980, De Paolo 1981, 1985), and 3iii) exchange of various 
components without bulk assimilation, i.e. selective 
contamination (Patchett 1980, Watson 1982, Macdonald et. ale 
1987). 
Since, as first pointed out by Bowen (1928), 
assimilation has little affect on the liquid line of descent, and 
because it is best studied using isotopic data, consideration of 
this process is deferred to Chapter 6. 
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5.2.3. Country rock fusion 
5.2.3.1. Introduction 
To assess the possibility that the MMG and MRIB were 
formed solely by fusion of country rock, analyses of the main 
crustal units on Rhum are plotted in terms of their normative 
quartz, albite and orthoclase contents in figure S.la. In figure 
5.1h analyses of MMG, MRIB, partially melted granophyre and R75 
the bronzite-phyric microgranodiorite are shown in relation to 
the fields defined in figure S.la. 
5.2.3.2. Torridonian rocks 
Torridonian rocks from Rhum plot in the primary quartz 
field in figure 5.1a and cannot therefore be a major source for 
either the MMG or MRIB, which lie in the primary feldspar field. 
This does not preclude the presence of a small Torridonian 
component in either rock type, as seems to be the case for some 
samples of MRIB. 
As pointed out by Carmichael (1963), acid igneous rocks 
formed by fractionation of a basic parent magma cannot have a 
larger quartz to feldspar ratio than that defined by the minimum 
in the Ab-Or-Q system. The bronzite-phyric microgranodiorite R75 
plots in the quartz field in figure 5.1b and must therefore have 
formed mainly by crustal fusion. Torridonian sandstone, the 
adjacent country rock, is the obvious candidate to have been its 
principal source material. 
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Figure S.la. Analyses of leucocratic Lewis i an gneiss, Torridonian 
sandstones, Tertiary granophyres and felsites plot t ed in the system Ab - Or 
- Q - H20 (Tuttle and Bowen 1958). 
~- Tertiary granophyres and felsites 
)(- Torridonian sandstone 
Orbicular Torridonian 
Partially melted Torridonian 
~_ R53 leucocratic gneiss xenolith in MMG body, Dibidil 
@-
@-
Amphibolite - facies Lewisian 
0-48, 0-102, D-186 Rhum leucocratic gneisses (Dunham 1968) 
Dr-A average of 26 amphibolite-facies gneiss analyses from 
and Tiree (Drury 1974) 
T-JE7, T-JE6 xenoliths Harker's gulley (Thompson 1981) 
Granulite - facies Lewisian 
Dr-G average of 8 granulite - facies gneisses from Coll and 
(Drury 1974) 
W+T-l8L, W+T-7H trondhjemite gneisses (Weaver and Tarney 
Call 
Tiree 
1980) 
Figure S.lb . Analyses of marginal microgranodirite, matrix - rich intrusion 
breccias, bronzite phyric microgranodiorite and partially melted 
granophyre plotted in the system Ab - Or - Q - H20 . 
. -
8-
.-
Marginal microgranodirite 
Matrix - rich intrusion breccia 
Partially-melted Tertiary granophyre 
R75 Bronzit~ - phyric microgranodiorite 
1/ - Field of Lewisian gneiss 
// - Field of Torridonian 
Field of Tertiary granophyres and felsite 
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5.2.3.3. Tertiary granophyre and felsite 
Tertiary granophyres and felsites form a relatively 
tight cluster close to the minimum at PH O·lKb, whereas MMG and 
2 
MRIB occupy a larger field in figure S.lh trending away from this 
point to compositions richer in albite. These relationships 
demonstrate that melting of Tertiary granophyre and felsite alone 
cannot account for the MRIB-MMG variation: however the 
possibility that they supplied some material is not excluded. 
Three samples of partially melted granophyre are also 
shown on figure 5.1b, two of which plot in the unmelted 
granophyre field, the other lying further towards the albite 
apex. This suggests a net addition of Na 20 to this sample 
during melting, assuming all three originally had the same 
composition. 
5.2.3.4. Lewisian gneiss 
The large field defined by analyses of leucocratic 
Lewisian gneiss in figures S.la,b reflects the heterogeneous 
nature of this unit. The variation is such that complete melting 
of appropriate compositions within the field could account for 
the normative composition of all but the most albite-rich sample 
of MRIB. The elongate field defined by analysis of MMG and MRIB 
might seem inconsistent with this process, but could be explained 
by incremental melting of gneiss with separation of liquid after 
each successful episode of fusion. 
5.2.3.5. Summary 
With the exception of Lewisian gneiss, the relationships 
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depicted on figs. '5.1a,b exclude wholesale fusion of country rock 
t 
as the major process in the generation of either MMG or MRIB. 
5.2.4. Element - element variation diagrams for MMG, MaIB, and 
related rocKs 
5.2.4.1. Introduction - influence of country rock composition, 
and location on MMG and HRIB 
In figures 5.2 to 5.4 analyses for MMG, MRlS, and 
related rock types are plotted on element-element variation 
diagrams. Analyses of MMG have been separated into those in 
which the adjacent country rock is the Western Granophyre, and 
those in which it is both Torridonian and Tertiary felsite,i.e. 
into those lithologies at the margin of the Western and Eastern 
Layered Series respectively. 
There is no clear distinction between these groups; 
furthermore graphs constructed to discriminate between samples 
with either felsite or Torridonian as wall rock also failed to 
reveal any significant groupings of data. From this it is 
concluded that the MMG forms a coherent suite of rocks, 
irrespective of either its location along the contact, or the 
nature of its adjacent country rock. Analyses of MRlB have been 
treated in a similar manner, but again no obvious distinction is 
apparent. 
The fields defined by analyses of MMG and MRlB in figures 
5.2 to 5.4 show considerable overlap and similar overall trends, 
which further suggests that these rock types are genetically 
related. 
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3.2.4.2 Remelted granophyre, and granite veins in basic rocks 
Three samples of partially melted granophyre are shown 
on figures 5.2 to 5.4, two (R84A, R34) fall within the Tertiary 
granophyre and felsite field in all graphs, being identical in 
composition to their unmelted parents. The third, R21, forming 
irregular patches in granophyre at southeast Harris Bay, contains 
less Si02 (66.3 Wt%), and more CaO (2.5 Wt%) (figure 5.2a,b), and 
Fe203Total (6.7 Wt%) (figure 5.4) than its unmelted parent. 
Large-fragment breccia matrix (R121), at southeast Harris Bay, 
falls near the edge of the Tertiary granophyre and felsite field 
in all the graphs having undergone little compositional change 
during mobilization. 
Granitic veins cutting gabbro in the same area (R123A) 
contain similar SiOZ (70.0 Wt%) and FeZ03Total (5.2 Wt%) (figure 
5.36) to unme1ted granophyre, but lower Na20 + K20 (6.6Wt%) 
(figure 5.46) and higher CaO (2.7 Wt%) (figure 5.26) and MgO (1.2 
Wt%) (figure 5.3a); features consistent with interaction between 
the vein material and the surrounding gabbro. 
5.2.4.3. Two - component mixing or fractionation 7 
In figure 5.Za analyses of MMG and MRIB show a 
systematic increase in CaO with increasing MgO. Well-defined 
linear trends for these rocks are seen in other graphs (figures 
5.26, 5.3a,b), with CaO, MgO and Fe203total all decreasing with 
increasing Si02 , These trends could record mixing between two 
components, one with a composition close to Tertiary granophyre 
and felsite and another with high MgO, Fe ° total and CaO 23' and 
low Na20 + K20, Si02 and Zr. Alternatively the trends may result 
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from variable degrees of fractionation of a more basic parental 
melt. These two processes are examined further in section 5.3. 
S.2.4.4. Fusion of Lewisian gneiss and Torridonian sandstone 
Analyses of leucocratic Lewisian gneiss (Dunham 1968) 
and melted gneiss xenoliths (R53) in the MHG at Dibidil lie off 
the linear array for MRlB and MMG in figures 5.2a, b,5.3b. These 
relationships indicate that large percentage partial fusion of 
gneisses, even under conditions of incremental melting, is a less 
likely explanation for these trends than either a mixing or 
fractionation hypothesis. 
Analyses of Torridonian rocks define a distinct field, 
which is offset from the main trend in several of the graphs 
(figs. 5.2a, 5.3a, 5.46). These relationships again 
against melting of Torridonian rocks as a major factor 
genesis of either MRIB or MMG. 
5.2.4.5 Summary 
argue 
in the 
Trends developed on element-element variation diagrams 
for MMG and MRlB indicate that partial fusion of Lewisian gneiss 
was not an important process in the generation of these rocks. 
Instead the relationships depicted on these graphs may be 
explained by either a mixing or fractionation process. These two 
alternative mechanisms are examined in the next section. 
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5.3 MAJOR BLEMENT CHEMISTRY OP THB CONTACT SUITB 
5.3.1. Introduction 
Major element variation for the main rock types of the 
contact suite, including basic and ultrabasic compositions, are 
shown graphically on figs. 5.5 to 5.9. On each graph the various 
Torridonian samples have been grouped, and MRIB and MMG are not 
subdivided as they were in the previous section. To simplify 
the diagrams, analyses of Lewisian gneiss, partially-melted 
granophyre and large-fragment breccia matrix have not been 
included. 
Due to the difficulty of removing all thin granitic 
veins from some samples, a boundary of 52% 5i02 between gabbros 
and quartz gabbros has not been rigidly applied. Instead these 
rocks were separated using textural and mineralogical criteria. 
Quartz gabbros are defined as those rocks containing 
clinopyroxene, calcic plagioclase (>An50) and variable amounts of 
interstitial quartz or granophyre. Gabbros on the other hand 
do not contain interstitial quartz or granophyre, generally lack 
olivine, but show development of plagioclase (>An50) 
clinopyroxene intergrowth textures. 
5.3.2. HMG, MllB, quartz sabbro8 and sabbroB 
In many of the diagrams, notably 
(Figure 5.5a), 
(figure 5.6a), 
CaO against Si02 (figure 5.5b), 
and K20 against Si02 (figure 
CaO against MgO 
MgO against Si02 
5.7a) there are 
distinct linear trends with gabbros and Tertiary granites 
(granophyre and felsite) at either end, and MRlB, MMG, and quartz 
gabbros in between. As discussed in section 5.2, this variation 
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could be explained either by fractionation of a basic parental 
magma, or by mixing of two components plotting at each end of the 
array. Gabbros such as R82 (table 5.1) have textures indicating 
conditions of rapid crystallization and may therefore represent 
quenched liquid compositions. A melt similar to R82 would be 
appropriate either as the parental liquid in a fractionation 
model or as a basic end member in two-component mixing. 
In a two-component mixing model the variation diagrams 
indicate that the Si02-rich end-member must have a composition 
similar to that of the Tertiary granites. This component could 
be produced directly by melting of granophyre and felsite, or 
where these are not the adjacent wall rocks, represent a liquid 
with the composition of the minimum in the system Ab-Or-Q (PH a -
2 
O.5Kb) (figure 5.1), formed by fusion of other lithologies, i.e. 
Torridonian sandstone, or Lewisian gneiss. 
Distinct linear trends, however, are not present on all 
the variation diagrams. There is considerable scatter in the 
graph of Al 203 against Si02 (figure 5.8a), high A1 Z03 values (>15 
Wt%) in samples of gabbro, quartz gabbro and MMG reflecting their 
large feldspar contents. Plots of NaZO against SiOZ (figure 5.8b) 
and Na20 against CaO <figure 5.9a) also show scatter which is 
attributed to the low precision of Na determinations by X-ray 
spectrometry. The scatter distribution on the graph of TiOZ 
against Fezo3total (figure 5.9b) results from the variable 
content of ilmenite and magnetite in rocks of the contact suite. 
This feature may have been caused by local variation in oxygen 
fugacity as these lithologies crystallized. Highest values for 
both oxides occur in the gabbros and quartz gabbros, with lowest 
values in the Tertiary granites. 
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~.3.3. Bronzite-phyric microgranodiorite 
As discussed in section 5.2, the bronzite-phyric 
microgranodiorite R75, lies in the primary quartz field of the 
system Ab-Or-Q (figure 5.1b) and is therefore the fusion product 
of Torridonian sandstone. On a number of graphs, particularly 
CaO against MgO (figure 5.5a) and MgO against Si02 (figure 5.6a), 
R75 plots well away from the main trend, in a position between 
the fields defined by analyses of Torridonian and olivine-bearing 
rocks. This variation supports the suggestion made in section 
4.3 that the Mg-rich orthopyroxene phenocryst's in this rock 
formed by reaction of olivines derived from the adjacent 
peridotite. 
The CaO-rich nature of R75 compared to the Torridonian 
rocks, (figures 5.5b and 5.9a) indicates that, in addition to 
olivine, calcic-rich plagioclase from the peridotite reacted with 
anatectic Torridonian melt to produce this hybrid rock. Textural 
evidence of a reaction relationship between plagioclase and 
Torridonian-derived melts has been seen elsewhere along the 
contact (see section 3.9.4.4). 
5.3.4. Olivine-bearing rocks - evidence for composition of the 
ultrabasic complex parental liquid 
Olivine-bearing basic and ultrabasic rocks plot away 
from the main trend on figs. 5.5 to 5.9 , and on several diagrams 
define a distinct linear array, e.g. CaO against MgO (figure 
5.5a), MgO against Si02 (figure 5.6b). This pattern reflects the 
variable amount of olivine in these rocks and their lower 
plagioclase contents compared to the gabbros. 
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Igneous rocks from large intrusions show abundant 
textural evidence of both cumulus and postcumulus processes 
(Wager and Brown 1968, Campbell 1987, Hunter 1987), and are not 
therefore believed to represent liquid compositions. As outlined 
in section 3.9.4.3., however, fast cooling along the contact 
resulted in 
preservation 
conditions 
of olivines 
of rapid crystallization, with 
showing primary skeletal morphology. 
Under these special circumstances whole-rock analyses may indeed 
approximate to quenched liquid compositions. Analyses of two 
rocks with these textures from northwest Harris Bay (RBO, R83) 
are given in table 5.1 and identified on figures 5.5 to 5.9. 
Support for sample R83 representing a liquid composition is given 
by its close chemical similarity to the dyke B622 of McClurg 
(1982), which Faithfull (1985) suggested represented the likely 
parental liquid to the lower Eastern Layered Series. 
If R83 represents a true liquid composition this, may 
indicate that rocks with a higher MgO content such as R80 have 
undergone olivine enrichment. Alternatively, if olivine was 
crystallizing and being fractionated from the liquid whpn 
quenching took place, the differing MgO contents of R80 and R83 
may be a true reflection of compositional differences in the 
melt. 
In the MgO-Si02 graph (figure 5.6a) the gabbros appear 
to fallon the extension of the array defined by analyses of 
olivine-bearing rocks. These two rock types could be linked by 
olivine fractionation from liquids of compositions RBO and R83, 
with a resultant residual liquid similar to R82. 
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S.4 MAJOR ELEMENT COMPUTER MODELLING 
S.4.1. Introduction 
The arithmetic validity of the petrogenetic ideas 
outlined in the previous section have been tested using the 
computer program PETBLENDE written by Dr. W. E. Stephens, based 
on the method of Wright and Doherty (1970). Results are given in 
table 5.3. 
5.4.2. Modelling of bronzite-phyric microgranodiorite 
Arithmetic addition of calcic plagioclase and olivine to 
the Torridonian rocks R128 and R67, thereby producing the 
bronzite-phyric microgranodiorite R7S, gave a reasonable overall 
fit with a tR2 of 0.871. Since the composition of the 
Torridonian melt in this scheme is unknown, the choice of samples 
R67 and R128 was arrived at iteratively. In all the combinations 
of Torridonian and crystals examined, Na20 gave a poor fit, as it 
does in the particular solution presented in table 5.3. This may 
reflect either the lack of prAciRion in N~ rlptermjnAtion~ by 
X.R.F., or indicate a real difference between the composition of 
the samples used in the calculations and that of the actual 
siliceous melt involved. Nonetheless the results obtained with 
the model indicate that melting of Torridonian sandstone, with 
subsequent dissolution of olivine and calcic plagioclase from the 
adjacent peridotite is a reasonable explanation of the major 
oxide composition of sample R75. 
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3.4.3. Fractionation of olivine-bearing rocks to form gabbros 
The suggestion that the olivine-bearing rocks and 
gabbros are related by crystal fractionation has also been 
tested. The results indicate that removal of olivine, 
plagioclase, clinopyroxene, ilmenite and apatite from the 
harrisitic picrite RBO will produce gabbro RBZ. (The computer 
program PETBLENDE mixes crystals with the derivative liquid to 
produce a calculated parental composition, so that in table 5.3 
real and computed analyses of RBO are compared rather than those 
for the daughter product RBZ). The overall fit in this model is 
reasonable, the only significant discrepancies being NaZO and 
K20. This is almost certainly due to alteration of RBO which 
contains significant secondary biotite and sericite. The more 
extensive alteration of RB3 compared to RBO resulted in higher 
values of tR2 when it was used as the parental composition, again 
because of the poor fit of Na20 and K20. The results from the 
computations do not prove that the gabbros and olivine-bearing 
rocks are related by crystal fractionation, but together with the 
evidence from two-element variation diagrams, indicate that it is 
a realistic mechanism. 
5.4.4. Practionation versus two-component mixing 
computer models have been used to examine the merits of 
crystal fractionation versus two-component mixing, as an 
explanation for the linear trends seen on a number of the 
variation diagrams. Two comparisons between mixing 'and 
fractionation models are presented in table 5.3, one to produce 
R127 the most Si02-poor MMG, and the other to produce Rl13 the 
most SiOZ-rich MMG. For both rocks fractionation of plagioclase. 
orthopyroxene, clinopyroxene, ilmenite, magnetite and apatite 
from the gabbro R8Z gives an excellent fit, with only MnO and K20 
showing any significant discrepancy between the actual and 
calculated compositions. 
By comparison with the fractionation models, the two-
component mixes of gabbro R82 and granophyre R97 give 
significantly poorer fits, with the tRZ value of 6.7 for Rl27 
indicating a very unsatisfactory result. Even for Rll3 which is 
similar in composition to R97 the fit is still poor, with 
significant differences between the actual and calculated values 
of most oxides. A large number of combinations of different 
gabbro and granophyre samples were tested and these invariably 
gave results with tR2 values greater than 2. 
These results therefore appear to indicate that crystal 
fractionation of a basic parental melt like R82 is a more 
realistic mechanism for generating the MMG and by analogy the 
matrix of the MRIB, than two-component mixing. However, as 
p~i~ted ~~t by McEirr.cy (1984), the phaoc rule applic3 tc thC3€ 
calculations so that the larger the number of phases involved in 
the calculations the more degrees of freedom, and therefore the 
easier it is to achieve a mathematical solution of low tRZ. 
These computer models are therefore inherently biased in favour 
of fractionation and against two-component mixing. Even with 
these reservations, the results obtained suggest that simple 
mixing of two distinct end-member components is an unlikely 
process, and that if mixing has occurred, it took place in a 
manner very different from that simulated by the model. 
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s.s TRACE ELEMENT CHEMISTRY or THE CONTACT SUITE 
S.S.1. Introduction 
Trace element variation for the main rock types of the 
contact suite are shown graphically on figures 5.10 to 5.14. 
Ba, Sr,Rb and Zr analyses for amphibolite-facies Lewisian (Dunham 
1968, Holland and Lambert 1972, Drury 1974), granulite-facies 
Lewisian (Drury 1974, Weaver and Tarney 1980), and for Skye 
Torridonian rocks (Dickin and Exley 1981) have been plotted on 
the appropriate diagrams, and fields for each unit delineated. 
S.S.2. Compatible elements Ni, Cr, V 
The compatible elements Ni, Cr and V show a general 
inverse relationship with Si02 (figures 5.10a,b 5.1la). In basic 
and intermediate rocks Ni partitions preferentially into olivine 
(Kgt /LIQ c 8 - 19) and to a lesser extent orthopyroxene (KgiX/ LIQ 
-
5) and clinopyroxene (K~iX/LIQ • 1.4 - 4.4) (Henderson 1982). 
The graph of Ni against Si02 (figure 5.10a) reflects this 
rocks (420-1338 ppm). The presence of chromite in these rocks is 
reflected in their high Cr contents (756 - 2174 ppm) (figure 
5.10b); in other lithologies Cr occurs mainly in orthopyroxene 
(Kg~X/LIQ • 10) and clinopyroxene 
-
4.7 
- 20) 
(Henderson 1982). 
In figures S.10a and S.10b the bronzite-phyric 
microgranodiorite R7S, plots well off the main trend (cf figure 
5.6a), being enriched in both Cr (293 ppm) and Ni (194 ppm) 
compared to rocks with a similar Si02 content, further evidence 
implicating interaction of peridotite and Torridonian-derived 
1,82 
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- contact suite. 
melt in the formation of this rock. 
Vanadium is present in magmas as v3+, where it proxies 
for Fe3+ and is strongly partitioned into magnetite (Mason 1966). 
This behaviour is reflected in the plot of V against 5i02 
(5.11a), so that gabbros and quartz gabbros which have high 
contents of magnetite and ilmenite (cf figure 5.9b), also have 
high V contents. 
5.5.3. Zr - evidence for a basaltic component in MHG and KiIB 
Zr shows a scattered but positive correlation with 5i02 
(figure 5.11b) in the contact suite, with lowest values in the 
olivine-bearing rocks (64 ppm) and highest values in the matrix-
rich intrusion breccia (520 ppm). Granulite and amphibolite-
facies Lewisian gneiss, with the exception of D-48, have 
significantly lower Zr contents than the intermediate and acid 
members of the contact suite. 
In his discussion of the genesis of the Western 
Granophyre on Rhum Meighan (1979) pointed out that it contained 
significantly higher concentrations of Zr than Lewisian gneiss. 
He gives an average Zr content for the Rhum Lewisian of 122 ppm 
(20 samples) and for the Western Granophyre of 411 ppm (5 
samples), concluding that total melting of gneiss cannot account 
for this body; instead he suggested it formed by crystal-liquid 
differentation from a tholeiitic basalt. 
This argument also applies to the marginal 
microgranodiorite and matrix-rich intrusion breccia, bulk melting 
of gneiss(122 ppm Zr) cannot explain Zr contents of up to 520 ppm 
in these rocks. Partial melts of Lewisian could, in theory, 
contain significantly higher Zr contents than average gneiss. 
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The experimental data of Harrison and Watson (1983), however, 
indicates that zircon dissolution occurs extremely slowly when 
granitic melts contain less than 2 Wt% H20, i.e. conditions which 
prevail during low pressure, high temperature contact 
metamorphism. Under these conditions, kinetics would cause 
partial melts of Lewisian to contain less Zr than average gneiss. 
Torridonian rocks on figure 5.11b define a large compositional 
field, however the slow rate of zircon dissolution would again 
cause a low Zr content for partial melts of this material. 
On balance, therefore, it seems that the Zr variation in 
the intermediate and acid rocks of the contact suite resulted 
from fractionation of a basic parental magma rather than from the 
influence of any crustal material. 
5.5.4. Ce and Y - Rare Earth Element distribution patterns 
The light rare-earth element (LREE) Ce is plotted 
against Si02 in figure 5.12a, and for comparison a similar graph 
for Y, considered to behave as a heavy rare-earth element (HREE), 
is shown in figure S.12h. Both graphs:: s::hnw El Rcattered pattern 
with an overall positive correlation against Si02 , the lowest 
values of Ce and Y occurring in the olivine-bearing rocks and the 
highest values in the marginal microgranodiorite (Ce 144 ppm, Y 
67 ppm). 
The Ce/Y ratios for most samples from the contact suite, 
and also for the Tertiary granophyres and felsites, vary between 
1.5 and 3.0, indicating that both have shallow LREE-enriched 
patterns. 
Rhum is 
Rare-earth element data for one Lewisian sample 
quoted by Meighan (1979) as having a comparable 
from 
LREE 
pattern to the Western Granophyre but significantly more depleted 
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in HREE. From this variation Meighan concluded. that neither 
total nor partial melting of Rhum Lewisian could account for the 
genesis of the Western Granophyre. 
The evidence from REE distribution patterns is not 
conclusive, however, in respect of either fractionation or 
melting models. A variety of accessory minerals contain high 
concentrates of REE, including apatite, zircon, sphene, allanite 
and monazite. Under conditions of partial melting these phases 
are likely to show quite different solubilities, for example 
although zircon dissolution is strongly influenced by the water 
content of the melt (Harrison and Watson 1983), apatite 
solubility is not (Watson and Harrison 1984). In addition, 
accessory minerals in a particular geological environment often 
have highly variable REE patterns and absolute abundances (Exley 
1980). Without information on the composition and modal 
abundance of accessory phases in a possible source region it is 
unrealistic to use REE distribution patterns to discriminate 
between fractionation or melting models. 
5.5.5. Ba and Rb - selective contamination 7 
Both Ba and Rb act as incompatible elements until the 
later stages of magmatic differentation when Ba is largely 
incorporated into alkali feldspar (K~~K.FELD'LIQ - 2.7 - 12.9) 
and biotite (K:!'LIQ - 6.4 - 8.7), and Rb into biotite (K:~'LIQ _ 
3.3 - 3.5) (Henderson 1982). Ba and Rb in the contact suite show 
good positive correlation with Si02 (figures 5.13a, 5.13b), which 
might be interpreted as evidence in favour of a simple 
fractionation model. 
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- contact s ui te . 
The results of computer modelling discussed in Section 
5.4 appear to rule out simple mixing of two end-member 
components; however contamination by selected elements remains a 
possibility. In an experimental study, Watson (1982) found that 
molten basalt in contact with alkali feldspar became selectively 
contaminated with K20 due to the more rapid diffusion of alkalies 
relative to Si02 . Gneissic xenoliths in the Skaergaard Marginal 
Border Group were found by Kays et a1. (1981) to be selectively 
depleted in K20, Rb and Ba, possibly due to the operation of the 
same mechanism. The linear trends on figures 5.13a,b and in 
figure 5.7a (K20 against Si02 ) conceivably could represent 
selective contamination, rather than either fractionation or two-
component mixing. 
On the evidence of figure 5.13a,b amphibolite-facies 
Lewisian gneiss, Torridonian rocks, and Tertiary granophyre and 
felsite would all appear to be suitable sources of Ba and Rb, if 
a process of selective contamination has taken place. Granulite-
facies Lewisian gneiss, however, is unlikely to have participated 
in thi~ prn~A~R AR it iq R~v~re'Y d~plet~d in Rb (figure 5.13b) 
and other heat-producing elements such as Th and U (Weaver and 
Tarney 1980). 
5.5.6. Sr, Rb/Sr, Ba/Sr 
Sr in 
preferentially 
basic and intermediate 
into plagioclase (KPLAG/LIQ Sr 
rocks partitions 
-
1.3 
- 2.9) 
(Henderson 1982) so that the scatter on the plot of Sr against 
Si02 (figure 5.14a) probably reflects the variable content of 
this phase in the contact suite. This suggestion is supported by 
the close similarity between figure 5.14a and figure 5.8a, the 
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contact 
graph of AlZ03 against SiOZ' 
Analyses for the contact suite show a distinct positive 
correlation between Rb/Sr and Ba/Sr (figure S.14b). Granulite-
facies Lewisian, due to its high Ba and low Rb content plots well 
away from the main trend in figure S.14b, again indicating it to 
be an unlikely source of contamination to the contact suite. 
However amphibolite-facies Lewisian, Torridonian rocks and 
Tertiary granites all fallon the main trend in figure S.l4b and 
must therefore be regarded as possible sources, if selective 
contamination has occurred. 
5.6 SUMMARY 
Whole-rock major and trace element variation for the 
contact suite cannot be explained, ei;her in terms of bulk 
melting of the country rock or two-component mixing of anatectic 
and basic melt. Major-element variation and the results of 
computer modelling suggest that fractionation of a basic parent 
magma is a more realistic process. Selective contamination of 
Rb, Ba and K from the surrounding country rocks remains a 
possibility, however the variation shown by these elements can 
also be explained qualitatively by a fractionation model. 
Gabbros and olivine-bearing rocks appear to be related 
by crystal fractionation, chiefly involving olivine. Rapid 
crystallization along the contact has preserved ultrabasic rocks 
which approximate to liquid compositions. Variability in their 
MgO contents may indicate that compositionally distinct melts 
coexisted in close proximity along the contact. Evidence from 
major and trace element variation diagrams, and the results of 
computer modelling suggest that the bronzite-phyric micro-
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granodiorite R75 formed by fusion of Torridonian sandstone, with 
subsequent dissolution of olivine and calcic plagioclose derived 
from the adjacent peridotite. 
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CHAPTER. 15 
ISOTOPB GEOCHBHISTRY 
5.1 INTRODUCTION 
In this chapter Sr and Pb isotope variation in the 
contact suite is examined, and it is shown that these rocks 
possess substantial ~ounts of crusta11y derived Sr and Pb. This 
evidence appears to contradict that outlined in Chapter 5 where 
-it was suggested that the contact suite developed by 
fractionation from a basic parental melt. Contamination and 
fractionation are not incompatible processes, however, and the 
mechanism by which both may be involved in the genesis of these 
rocks is examined. 0 isotopic data for the ultrabasic complex 
and surrounding country rocks are also presented, and this 
clearly demonstrates that the intrusion has undergone extensive 
exchange with heated, low 180 meteoric fluids. 
6.Z STRONTIUK ISOTOPES 
6.Z.1. Introduction 
Whole-rock Sr isotopic variation in the contact suite 
is examined in this section, full results are given in table 6.1, 
a summary of the analytical procedures adopted is given in 
appendix 2. In the following discussion all 87Sr /86Sr ratios have 
been corrected to 60m.y., the age of the intrusion (Mussett 
1984) . 
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TABLE 6.1 Sr ISOTOPE ANALYSES 
SAMPLE 
866 
861 
861 
8140 
8128 
875 
871 
897 
R156 
11155 
83 
R141 
1191 
856 
854 
8121 
8134 
lun 
au 
1162 
1154 
a93 
U6 
1186 
11151 
R59 
11153 
1194 
Rii 
11141 
119 
816 
ROCK TYPE 
Torridonian Sanda tone 
Mobilized Torridonian Sit 
Partiallr ruaed Torridonian 
Sat 
Orbicular Torrldonian 
Orbicular Torrldonlan 
Bronzite-Pbrric 
Miero,anodlorite 
Lewialan Two-
Prroxene Rornfela 
leI tern Granophrre 
Tertiary Fels i te 
Mar,inal Micro-Granodiorite 
lIatrix-rich 
intrulion breccia 
Contact faciel of Gabbro 
with .elted torridonian 
Quartz Gabbro 
OrthoP1roxene Gabbro 
Quartz Oabbro 
Allivalite - Unit 8 
Larered Gabbro 
Oli vine Gabbro 
Olivine Oabbro 
Picrite 
Picrlte 
Peridotite 
. Picrite 
LlACBING EXPDllaHT 
1156 - Leacbate 
1156 - llealdue 
15i - Leacbate 
RU - R.aidue 
• Deterained b, Iaotope Dilution 
LOCATION 
AND LOCALITY 
NUVBER 
Inbh l r Gil - 105 
Inbhir Gil - 100 
PapadU - 111 
Belnn nan Stae - 111 
Beinn nln Stae - 151 
Papadil - 1111 
Northweat 
Harril Bay - 134 
Cnapan Breaea - 191 
Cnapan Breaea - 191 
Ard Nev - 1 
Beinn nan Stae - 171 
Northwelt 
Harril Bey - 131 
Dibidil - 14 
Dibldll - 81 
Beinn nan Stae - 157 
Alit nan Be - liZ 
Belnn nan Stae -111 
Papadil - 111 
Inbblr Gil - It 
Cnapen Breaca - III 
Nortblleet 
Rarria Bar - 3 
Hortblleat 
Harr ia Bar - 188 
Horthweet 
Harr iI Ba, - I 
Cnapan Breaea - 188 
Dibidll - U 
Cnapan Breaca - 110 
Nortbweat 
Hania Bey - 131 
Nortbweat 
Rarril Bay - U5 
B_inn DaD St&e - 183 
Ard Nev - 14 
Papadil - III 
Rb p. p .• . 
106 
130 
97 
81' 
94 
76 
12 
108.8' 
101 
79 
41.1' 
66.2' 
70' 
66.5' 
105 
81 
101 
90 
66 
39 
11 
55 
14 
15 
1 
22.8' 
o 
11 
11 
1.2' 
3 
U' 
611 
12' 
25." 
t A,e corrected to 60 lIa. ~a'Rb : 1.42 X 10- 11,1 IStei.er and Ja,er, 1917, 
Sr p. p .•. 
92 
110 
120 
84 . 1' 
96 
106 
560 
118.1' 
22 3 
351 
403. I' 
313 . 1' 
145 . 8' 
262.5' 
114 
231 
2U 
197 
203 
237 
291 
229 
258 
278 
291 
263. 2' 
202 
131 
185 
154 
63.9' 
111 
366 . 3' 
254.81 
298.2' 
252." 
3 .3 51 
3 .437 
2 . 348 
3.002 
2 . 844 
2. 079 
0 .062 
2.668 
1 . 311 
0.65 2 
0.295 
0 . 611 
1.390 
0.733 
1. 147 
1.090 
1.114 
1. 323 
0.1121 
0.416 
0.169 
0 . 442 
0.151 
0.156 
0. 01 
0 .251 
o 
0.232 
0.094 
0.207 
0.054 
0.049 
0.522 
0.189 
0.116 
0.291 
.76250.8 
. 76052.1i 
.14706.6 
. 73101.3 
. 14835.5 
.73224.4 
. 71659.5 
.7 1542*5 
• j 1416.4 
. 71139.4 
.71224.4 
.71190.4 
.11353.5 
.71647.5 
.71526.5 
.11554.5 
. 71515.5 
.71933.1 
.1115h2 
. 10703.5 
.10680.5 
.1049&.4 
.70376.$ 
. 10571.6 
.70725.1i 
.10542-.4 
.10419.5 
.1033hS 
.1051hS 
. 70)S<>.s 
.10U2.$ 
.1l308.1i 
.11356.5 
.1071&.6 
.10127.5 
. 75964 
. 75759 
. 14506 
. 73445 
.14593 
. 73047 
. 72092 
.71432 
.7 H30 
.71 360 
. 11114 
. 71112 
.71012 
.71291 
.71398 
.71433 
.71454 
.11402 
.71854 
. 11111 
.10689 
.10642 
.70488 
.10363 
. 10576 
. 70704 
.10542 
.70399 
.10323 
.10U4 
.70345 
. 10348 
. 11264 
.11289 
.70108 
.10702 
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6.2.2. Hydrothermal exchange of Sr - results of 
expertmentl 
leaching 
Taylor and Forester (1971) raise the possibility that 
the 87sr /86Sr ratios of igneous rocks in British Tertiary centres 
may have been disturbed by exchange with heated meteoric fluids. 
Since many of the rocks along the margin of the complex show 
evidence of severe hydrothermal alteration, a series of leaching 
experiments were undertaken to determine whether such exchange 
had taken place on Rhum. 
Two samples, R59 and R56, were leached with hot 2.5M HCl 
for a period of 48 hours. The samples were then centrifuged and 
subsequently split into two, one portion consisting of residual 
solid (residue). the other being the fluid fraction (leachate). 
Sr isotopic analyses were then performed on both the leachate and 
residue for each sample (table 6.1). 
If a radiogenic Sr fraction were introduced during 
exchange with meteoric fluids this would reside in those phases 
formed during hydrothermal alteration. These consist of various 
hydrous minerals. i.e. actinolite. chlorite, sericite and 
biotite, plus in some samples secondary carbonates. These phases 
will be more susceptible to dissolution in hot HCl than the 
various primary minerals. thus if significant radiogenic Sr were 
introduced the leachate should have a higher ratio than the 
residue. Since neither fraction of either sample shows a 
significant difference in 87Sr /86Sr ratios. it is concluded that 
Sr isotopic exchange during hydrothermal alteration was not an 
important process. The same conclusion was reached by Dickin et. 
a1. (1980) in a study of Sr exchange between meteoric-
hydrothermal fluids and the Coire Uaigneich Granophyre. Skye. 
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6.2.3. 87sr/86Sr verlul 8i02 - evidence differentiation and contamination 
for combined 
Sr isotope data clearly demonstrates that igneous rocks 
along the margin of the Rhum complex have experienced a high 
degree of crustal contamination. Thus 87Sr /86Sr in the MRIB and 
MMG is in the range 0.71190 0.71554, whereas mantle-derived 
magmas typically have values of 0.703 ±0.001 (Taylor 1980). 
In figure 6.1 87Sr /86Sr 60m.y. ratios for samples from 
the contact suite, Tertiary granophyre (R97) and felsite (R156), 
Lewisian two-pyroxene hornfels (R71) and various Torridonian 
rocks are plotted against Si02. Samples from the contact suite 
show a positive corr~lation between 87sr /86Sr and Si02 (Wt%) with 
lowest 87Sr /87Sr values in the olivine-bearing rocks (R99, 
0.70323) and highest values in marginal microgranodiorites (R134, 
0.71454). The bronzite-phyric microgranodiorite R75 plots well 
away from the other igneous rocks in figure 6.1, with a 
87Sr /86sr ratio of 0.73047 consistent with the interpretation 
that it contains a large Torridonian-derived component. The 
contact facies of the Papadil gabbro R69 also has a high 
87Sr /86Sr ratio, indicating that it too contains a Torridonian-
derived component. 
The positive correlation between 87Sr /86Sr and Si02 
shown by igneous rocks of the contact zone (fig.6.1) is strong 
evidence that differentiation, i.e.5i02 enrichment, and 
contamination with radiogenic 5r took place concurrently. Had 
differentiation occurred either pre- or post- 5r isotopic 
contamination, a systematic variation between the parameters in 
fig. 6.1. would not be expected. This relationship suggests some 
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KEY 
() - R71 Lewisian xenolith Priomh Lochs 
'/.. - Torridonian rocks 
A - Tertiary granites 
~- R75 bronzite - phyric microgranodiorite 
11- Marginal microgranodiorite 
~- Matrix - rich intrusion breccia 
~- Quartz gabbros 
~- Gabbros 
~- Olivine gabbros, pic rites and peridotites 
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Figure 6.1. 87Sr/86Sr v. Si02 (Wt. %) - contact suite 
form of mixing process, with the end members being a mantle-
derived melt (low 87sr /86sr - low Si02) and a crustally derived 
component (high 87sr /86Sr - high Si02). 
As pointed out in section 5.2. mixing phenomena are of 
various types namely i) direct mixing of magmas - two component 
mixing, ii) selective exchange of components, and iii) 
assimilation. Evidence presented in chapter2 suggests that two 
component mixing was not an important process in the genesis of 
the contact suite. Selective contamination was not excluded by 
the major and trace element variation (chapter 5), and this 
remains a viable mechanism to explain some features of the 
contact suite. However, the fact that the most highly 
contaminated (in terms of Sr isotopes) lithologies of the 
ultrabasic complex, i.e. MMG and MRIB, occur only as a narrow 
belt along the contact with partially melted country rocks raises 
the possibility that assimilation may have been an important 
process. 
In chapter 5 it was shown that the major, and to a 
certain extent trace element variation of the contact suite was 
explicable in terms of fractional crystallization. The 
relationships depicted in fig.6.1, indicating the operation of 
some form of mixing process, might appear to contradict this 
conclusion. Assimilation and fractional crystallization are now 
known to take place simultaneously in many magma chambers (Bowen 
1928, Taylor 1980, DePaolo 1981,1985), with combined results that 
differ markedly from situations where either process operates in 
isolation. Because this combined process may have important 
implications for the present study the theoretical basis of 
combined assimilation fractional crystallization is described in 
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the next section, before discussing its relevance to the genesis 
of the contact suite. 
6.2.4. Combined asstm1lation - fractional crystallization 
The chemical and thermodynamic processes involved in 
magmatic assimilation were first outlined by Bowen (1928); his 
discussion of this subject remains pertinent today. Bowen showed 
that because crystallization of basic magmas is controlled by the 
position of multi - component eutectics and cotectics, 
assimilation of granitic material does not change the liquid line 
of descent but simply increases the proportion of late 
differentiates. Assimilation is therefore not a simple mixing 
process (two components) and treatments making use of mixing 
lines or hyperbolas have little relevance. 
One of the important features of assimilation 
illuminated by Bowen was the heat balance problem. He showed that 
the thermal energy required to heat up and then dissolve the 
country rock was supplied by simultaneous crystallization of the 
basalt. This arises because the latent heats of crystallization 
of magmas are orders of magnitude greater than their heat 
capacities, respectively 122 and 0.332 Cal 8-1 for basalts 
(Sparks 1986). Because of these heat-balance considerations 
assimilation in fact promotes crystallization and vice versa 
(Bowen 1928,p.187). 
Taylor 
treatment of 
(1980) and De Paolo (1981) have extended 
assimilation to include the behaviour 
Bowen's 
of both 
isotopes and trace elements; a process which has been termed 
combined wallrock assimilation and fractional crystallization, 
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trace elements or isotope ratios, in the following description 
only Sr and 87Sr /86Sr are considered. The notation adopted for 
the various AFC parameters is that of DePaolo (1981). 
Since, as pointed out by Taylor (1980), AFC is a three 
component problem, i.e. magma, country rock and cumulates, the 
important variables with respect to Sr and 87Sr /86Sr are the mass 
of assimilated country rock Ma, the mass of cumulates 
crystallized Me, the bulk Sr distribution coefficient DSr , and 
the composition of the wall rock and parental magma. In simple 
terms AFC models the effects of assimilation by means of relative 
masses. Thus where Ma - 0.2Mc starting with 1000g of magma in the 
first increment 19 of wall rock is dissolved and 5g of cumulate 
simultaneously crystallized. In the second increment an identical 
procedure is carried out on the remaining 996g and the process 
continued until the magma is entirely crystallized. 
To illustrate the results of AFC two cases are depicted 
in figure 6.2, one in which the assimilation rate is low, i.e. Ma 
- 0.2Mc, and the other where it is high, Ma - 1.5Mc. Where the 
assimilation r~te is low deviations from sJmplp. mixing Ar~ 
profound, the value of DSr plays a critical role and the 
behaviour approaches that for pure fractional crystallization. 
With higher rates of assimilation behaviour increasingly 
resembles simple mixing rather than crystal fractionation, 
however only where DSr _ 1 are the curves identical to a simple 
mixing trajectory. One important consequence of this is that 
under conditions where AFC operates the properties of the 
contaminant cannot be inferred, unless the fractionating phases 
and their proportions are known. 
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Figure 6.2. Diagrams depicting the process of combined assimilation and 
fractional crystallization (DePaolo 1981). A. Low assimilation rate Ma 
O.2Mc. B. High assimilation rate Ma - l.5Mc. 
5.2.5. Evidence for AlC in the geneais of the contact suite 
A graph of lOOO/Sr against 87 Sr /85Sr for the various 
lithologies of the contact suite is given in figure 6.3. Also 
shown are composition boxes for Tertiary granites, Torridonian 
sedimentary rocks, and amphibolite-facies Lewisian gneiss: 
granulite-grade gneisses have not been plotted because evidence 
presented in chapter 5 demonstrates them to be an unlikely source 
of contamination. 
Two-component mixing on graphs of isotope ratios v. 
reciprocal of trace element concentrations results in straight-
line variation between the end-members involved (Faure 1977). 
Since no obvious linear relationships exist among the various 
lithologies on figure 6.3. this process can be excluded. 
Olivine-bearing rocks have highly variable Sr contents 
and low values of 87Sr /86Sr . Gabbros show a narrow range of both 
Sr and 87Sr /86Sr , and quartz gabbros, although having similar Sr 
contents, show a wider variation in 87Sr /86 Sr . In terms of the 
AFC model this variation suggests that basic and ultrabasic rocks 
along the contact have undergone varying degrees of both 
fractionation and assimilation. The composition of the local 
country rock has also played an important role, thus quartz 
gabbros R62.R69 have very radiogenic 87Sr /86 Sr ratios indicating 
the presence of a locally-derived Torridonian component. 
Many of the olivine-bearing rocks shown on fig.6.3 are 
unlikely to represent liquid compositions, having formed in part 
by olivine accumulation. In sections 5.3 and 5.4 it was suggested 
that the olivine-bearing rocks R80,R83 represent quenched liquids 
and are related to gabbros such as R86 by fractional 
204 
(J) 
...., 
U 
u 
3 
tTl 
0 
0 
I\) 
tTl 
0 
~ 
m 
---.J 
~ 
I\) 
tTl 
~ 
0 
0 
co 
w 
m 
w 
N 
~ 
(J) 
CJ) 
~ 
0 
~ 
N 
(J)l cS ...., 0 
o 
0 
-...J 
->. 
0 
01 
01 
J>, 
• 
~ 
:0+ ....... 
<.0 
~ 
0 0 0 0 0 0 
-...J -...J -...J -...J -...J -...J 
N 
0 
CJ1 0) -...J W ~ 
0 0 0 0 0 
01 
01 
, 
....., 
\ :0 
- . 
... 
N 
-l 
m 
:0 
',-l 
-\ ~ 0 x :0 ] -< 
::0 G) 0 X <.0 :0 0 ....... » ~ z 
~ -l X m 
(J) 
Figure 6.3. 1000/Sr v . 87Sr / 86Sr symbols as fig. 6.1. Amphibolit e fa cies 
Lewisian gneiss box compiled from published analyses of Moorba th and 8ell 
(1965 ) , Lyon et a1. (1973), Moorbath et a1. (1975), Dickin (1 981). 
Torridonian box compiled from analy ses car ried out for this study and t hose 
of Dickin and Exley (1981) . Ti e lines join samples collected in close 
spatial proximity. 
20 5 
co 
---.J (J) 
...., 
"-co 
m (J) 
...., 
crystallization dominated by removal of olivine. These specimens 
show no petrographic evidence of contamination, so that although 
their 87Sr /86sr ratios were not determined, these are likely to 
be low, probably similar to R99 or R86, i.e .. 703-.704. 
In the AFC process, if the assimilation rate is low 
(i.e. Ma - O.ZMc, 
profound, and 
fig.6.2a), deviations from simple mixing are 
the value of DSr plays a critical role. 
Fractionation of the olivine-bearing parent magma (RBO, Ra3) to 
yield the gabbro R83 may correspond to this type of behaviour. 
Removal of an olivine-rich fractionate results < 1, 
causing Sr concentration to increase in the residual melt 
(i.e.R86), if the accompanying degree of assimilation is low 
changes in 87Sr /86Sr will be slight. For the computer model given 
in table 5.3. fractionating picrite RBO to give gabbro R82 yields 
a value of DSr - 0.64 (partition data from Henderson 1982). The 
cumulate formed by such a process will also have a low 87Sr /86 Sr 
ratio but a Sr content less than the parental liquidj the 
olivine-bearing rocks in fig.6.3 may have formed in this way. 
Samples collected in close proximity to each other, at 
three localities around the contact (Cnapan Breaca, Dibidil, 
northwest Harris Bay) are shown in figure 6.3 with tie-lines 
connecting them to the composition points of their adjacent wall 
rocks. For the samples from northwest Harris Bay the tie-line 
joining olivine gabbro, through the quartz gabbros R93, R96, and 
MMG R91 to the granophyre R97 is fairly straight. If the Western 
Granophyre is the local source of contamination to these rocks, 
this trend suggests a value of DSr close to 1. The tie-lines 
connecting the samples collected at Dibidil and Cnapan Breaca 
have curved trajectories indicating changing values of DSr, and 
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hence variable degrees of plagioclase fractionation. 
Tie-lines have also been drawn on figure 6.3 connecting 
the bronzite-phyric microgranodiorite R75, the adjacent 
peridotite R76 and the composition box for Torridonian rocks. 
This variation is again consistent with R75 being a hybrid formed 
by reaction between Torridonian-derived partial melt and 
peridotite. 
In summary, the relationships depicted on figure 6.3 do 
not support a two-component contamination model for Rhum, as has 
been suggested by Palacz (1985). Instead they indicate that 
crystallization and assimilation occurred simultaneously in a 
manner analogous to the AFC process of Taylor (1980) and De Paolo 
(1981). Because of the nature of the AFC process it is not 
possible to use diagrams such as figure 6.3 to discriminate 
between possible contaminants. With respect to Sr isotope 
systematics, since all the major country rocks to the intrusion 
(i.e. Lewisian gneiss, Torridonian sandstone and shale, and 
Tertiary granites) have higher 87sr /86Sr ratios than MMG or MRIB, 
all represent potential sources of contamination. 
6.2.6. Evidence for sideways percolation of 
interstitial melt - northw.st Barris Bay 
contaminated 
As discussed in section 2.3.4, MMG (R91) forming the 
matrix to large-fragment breccia at Loc. 131 is continuous with a 
75cm thick conformable quartz gabbro (R93, R95, R96) horizon in 
the Harris Bay Member. A profile at right angles to the main 
contact (figure 6.4) shows a systematic decrease of 87Sr /86Sr 
ratio, si02 and K20 from the Western Granophyre, through the 
large-fragment breccia zone (R91) and along strike in the quartz 
gabbro layer. Na20 shows a relatively flat pattern, perhaps 
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because of late-stage metasomatic processes; the high Na20 values 
in the quartz gabbro reflect the extensive development of albite 
rims on plagioclase. 
The l5cm thick olivine gabbro layer (R94) that underlies 
the quartz gabbro layer has a significantly lower 87Sr /86Sr ratio 
(0.70399). lower Si02 (46.9 Wt%). K20 (0.5 Wt%) and Na 20 (1.4 
Wt%). The marked difference between the 87sr /86sr ratios of the 
olivine and quartz gabbro layers suggests that as crystallization 
proceeded the residual melt became increasingly contaminated. 
Thus the olivine gabbro which contains early crystallizing 
phases. such as olivine and calcic plagioclase. has a lower ratio 
than the quartz gabbro which contains a high proportion of late-
crystallizing phases. such as sodic plagioclase. interstitial 
granophyre and quartz. The source of the contamination was 
either the Western Granophyre or MMG. as indicated by the along-
strike increase in 87Sr /86Sr towards the contact. Movement of 
"contaminated feldspathic intercumulus liquid" has previously 
been invoked by Palacz and Tait (1985) to account for the 
disturbed isotopic. trace element and olivine compositions at the 
top of the unit 10 peridotite. 
6.2.7. Summary 
Rocks from the contact zone, in particular MMG and MaIB. 
have been extensively contaminated with radiogenic Sr. The 
contamination process appears to have been similar to that 
described by the AFC model whereby fractional crystallization and 
assimilation took place simultaneously. The source of the 
radiogenic Sr component was probably the exposed country rocks. 
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however because of the nature of the AFC process the end members 
involved cannot be characterized unambiguously. 
6.3 LEAD ISOTOPES 
6.3.1. Introduction 
Whole-rock Pb isotopic variation in the contact suite is 
discussed in this section; full results are given in table 6.2, 
and a summary of the analytical procedures in appendix 2. All Pb 
isotopic ratios have been age corrected to 60m.y. 
6.3.2. Evidence for Lewisian Pb component in contact suite 
In figure 6.5 Pb isotopic analyses for the contact 
suite and the various country rock lithologies on Rhum are shown 
on a 206pb /204pb against 207pb /204pb graph, the common Pb 
isochron diagram. The averaged granulite- and amphibolite-facies 
Lewisian, and Torridonian estimates of Dickin (1981) are also 
shown on fig.6.5.~ for compllriRon with t.he 'Rhllm dA.tl'l. Excll1r1il'lg 
the orbicular Torridonian Rl40, the analyses define a linear 
array, with a slope that gives an apparent age of 2762±103Ma. 
Very old Pb ages are a ubiquitous feature of igneous rocks from 
the British Tertiary Province (Moorbath and Welke 1969, Dickin 
1981, Dickin and Jones 1983), and are generally interpreted as 
the result of mixing between unradiogenic, 2860 m.y. Lewisian Pb 
(Chapman and Moorbath 1977), and a more radiogenic, 60 m.y. 
mantle-derived Pb. 
If it is assumed that the source region of the Lewisian 
gneiss, and that of the mantle-derived component in the Tertiary 
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TABLE 6.2 Pb ISOTOPE ANALYSES 
RACTION CORKICTID AGB COBRBCTBD (60 Ma' 
LOCATION 
SAMPLE ROCK TYPE AND LOCALITY U p.p ••• Pb p.p ••• 206Pb 
201Pb 208Pb 206Pb 201Pb 208Pb 
2lRPb ~ '2lRPb '2lRPb Erpi) E"4pb NUMBER 
Rl40 Orbicular Beinn nan Stac 0.67 8.51 17 • 528 15.417 37.11S 17.48 15.42 37.06 
Torridonian -171 
R97 Western North"est 1. 45 13.43 17.285 15.252 37.916 17.22 15.25 37.83 
Granophyre Harris Bay - 134 
Rl56 Tertiary Cnapan 0.59 12.75 15.789 14.959 37.793 15.76 14.96 37.76 
Felsi te Breaea - 191 
1H55 Marginal Cnapan 1.51 12.58 17 .676 15.328 37.832 17 .61 15.33 37.74 
Micro-granodiorite Breaca - 191 
RSI Marginal North"est 1.251" 8.00t 17.274 15.250 37.918 17 .18 15.25 37.80 
Micro-Jranodiorite Harris Bay - 131 
156 Marginal Dibdil - 84 1.50t 14.00t 17 .434 15.261 37.644 17.37 15.26 37.56 
Micro-granodiorite 
R141 Marginal Beinn nan Stac 1.5 10.48 17.669 15.316 37.517 17.59 15.31 37.41 
Micro-granodiorite 
- 171 
R154 Orthopyroxene Cnapan Breaca 0.20t 2.00t 16.812 15.154 37.667 16.76 15.15 37.57 
Gabbro 
- 191 
Rl47 Pierite Beinn nan Stac O.lOt 1.00t 16.996 15.205 37.565 16.94 15.20 37.49 
- 183 
t Esti.ated content (see text for details) 
16 
207Pb/204Pb 
15 
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~~ 
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Figure 6 .5. 206Pb/204Pb v. 207Pb/204Pb - contact suite. Shaded area 
represents analyses of ELS rocks by Palacz (1985) . Averaged composition 
points of Dickin (1981) and Dickin and Jones (1983) (A) Lewisian 
amphibolite facies gneiss, (G) - Lewisian granulite - facies gneiss. (M) 
- Mantle, (T) - Torridonian rocks. 
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igneous rocks, had the same 238U/204Pb(~) value (both having 
evolved as closed systems with constant ~ since Earth formation), 
a growth curve for these sources can be constructed. 
runs from the composition of the Cay on Diablo 
This curve 
Meteorite 
(Tatsumato et. al. 1973) to the intersection between the mixing 
line and the 60 m.y. geochron and yields a ~ value of 7.6. 
This is within the range 7.5 to 8.0 characteristic of the source 
areas of Archaean orthogneisses (Moorbath and Taylor 1981), a 
feature which is again consistent with the contact suite being 
contaminated with Lewisian-derived lead. 
6.3.3. Nature of the Tertiary mantle beneath Ihum 
The intersection between the 60 m.y. geochron and the 
mixing line on fig.6.5. represents a model Pb composition for the 
Tertiary mantle beneath Rhum. However, most samples from the 
contact suite plot to the right of this point having more 
radiogenic Pb compositions. This indicates that the actual Rhum 
Tertiary mantle had a more radiogenic composition than the model 
estimate from figure 6.5, hence the assumption of closed system 
evolution for the mantle, as postulated in section 6.3.2., is 
not justified. A similar conclusion was reached by Dickin (1981) 
and Dickin and Jones (1983), based on a consideration of Pb 
isotopic systematics in Tertiary igneous rocks from Skye and 
Eigg. Dickin's (1981) estimate of the Pb isotopic composition of 
Tertiary Hebridean mantle is also shown on figure 6.5, and was 
based on a comparison with Mid-Atlantic Ridge basalts analysed by 
Sun et. al. (1975). 
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6.3.4. Lewisian Pb contamination mechanisma 
The amount of Lewisian-derived Pb in both the contact 
suite and upper ELS (Palacz 1985) is small relative to that seen 
elsewhere in the British Tertiary Province (Moorbath and Welke 
1969, Dickin 1981), and is comparable to that exhibited by the 
MORB-like Preshal Mhor magmas (Thompson 1982). Contamination may 
have taken place i) directly by assimilation of gneiss, 
ii)indirectly via a melt or rock which inherited its isotopic 
composition from the Lewisian basement, or iii) by means of a 
fluid phase extracted by dehydration reactions from the gneiss. 
If the Torridonian-felsite contact on Beinn nan Stac is 
continuous with that on Cnapan Breaca, it is likely that felsite 
would have formed the country rock to the upper parts of the ELS, 
i.e. to all units for which isotopic analyses have been published 
(Palacz 1984, 1985, Palacz and Tait 1985, Renner and Palacz 
1987). In the present study all rocks of the contact suite, 
except MMG R91 and R141, have felsite as their nearest country 
rock. Felsite plots at the left end of the array in figl1rp ~.A 
and has a composition similar to Dickin's (1981) averaged 
amphibolite-facies Lewisian, i.e. unradiogenic 206pb /204 pb and 
207pb /204 pb but relatively radiogenic 208pb /204 pb . Thus the 
linear array in figure 6.4, and that for the upper ELS samples of 
Palacz (1985) could, in part, be explained by variable degrees 
of mixing between Tertiary mantle Pb, 
assimi~ation of felsite (R156). 
and Pb derived by 
MMG R91 does not have felsite as its adjacent wall 
rock, but instead is in contact with the Western Granophyre R97, 
which plots immediately to the right of it on figure 6.5. This 
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suggests that the Pb-isotopic composition of R91 is not the 
result of mixing between Tertiary mantle Pb, and Pb derived by 
assimilation of the Western Granophyre, but reflects inheritance 
from a deeper source. Thus assimilation of Lewisian gneiss by 
ultrabasic rocks at depth may have produced MMG R91. which due to 
its low density ascended along the margins of the intrusion to 
its present position. 
Similar arguments apply to MMG R141 which underlies 
orbicular-Torridonian R140 at Beinn nan Stac. R140 plots well 
off the array in figure 6.5, indicating that it was not involved 
in the contamination of R141. As with R91, R141 may be the 
result of assimilation of gneiss at depth. The presence of 
partially melted gneiss xenoliths in the large MMG body, Dibidil 
(i.e. RS6), and also in MMG at Cnapan Breaca (i.e. R1SS), points 
to this as a more important process in generating these rocks 
than assimilation of felsite. Lewisian amphibolite-facies gneiss 
forms the country rock to the ultrabasic complex at a number of 
locations along the contact (i.e. Priomh Locks, Ard Nev, upper 
Fiachannis). and probably constitutes the wall rock to the ELS at 
no great depth below the Torridonian cover. Therefore 
assimilation of gneiss by rocks of the ultrabasic complex may not 
necessarily have taken place at any significant distance below 
the present exposure level. 
Contamination of the contact suite with Lewisian Pb may 
have occurred via a contemporaneous melt, rather than by direct 
assimilation of solid wall rock. In this petrogenic scheme 
mantle-derived magma injected into a chamber would become 
contaminated either by mixing with the resident, contaminated 
melt (De Paolo. 1985), or by infiltration into the cumulate pile 
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of contaminated intercumu1us liquid (Palacz and Tait 1985). It is 
also possible that contamination took place by a combination of 
direct and indirect processes, thus melts formed by assimilation 
of gneiss at depth ascend along the walls of the intrusion 
contaminating semi-consolidated rocks at higher levels by 
infiltration into the cumulus pile. 
Hornblende and biotite in amphibolite gneisses along the 
contact have been broken-down to fine-grained aggregates of 
pyroxene and opaques (Tilley 1944). The fluid released by this 
process will be isotopically equilibrated with the gneiss, and 
thus represents a potential source of contamination to the 
contact suite. Thompson (1982, p73) has stated that mantle-
derived basic magmas in the British Tertiary Province have 
achieved "near-total equilibration of Pb isotopes" with the 
sialic crust, by selective transport of Pb in a non-silicate 
vapour phase. A similar contamination mechanism has been put 
forward by Patchett (1980). 
~.~.s. Te~tia~y g~anophyre and felsite - Pb iactopic contraotu 
The most surprising feature displayed by figure 6.5 is 
the distinct difference in Pb isotope composition between felsite 
R156 and the Western Granophyre R97. Both rock types have such 
similar whole-rock major and trace element compositions that 
Dunham (1968) suggested they are both derived from the same 
parent magma. The Pb isotope data calls this into question, 
indicating as it does a much larger Lewisian-derived component in 
the felsite, than the Western Granophyre. 
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6.3.6. 
A number of recent isotope studies examining crustal 
contamination in the British Tertiary Province have made 
extensive use 
distinguish between the influence of either amphibolite or 
granulite-facies Lewisian (Dickin 1981, Dickin and Jones 1983, 
Dickin et. al. 1984, Palacz 1985). The principle underlying the 
use of this diagram is that while both U and Th were purged from 
the Lewisian complex during the Scourian granulite event, Th was 
to a certain extent reintroduced during the subsequent Laxfordian 
retrogression to amphibolite grade (Drury 1974, Weaver and Tarney 
1980) . As a result both grades of the Lewisian complex have low 
values of 206pb /204 pb , 207 pb /204 pb , i.e. the decay products of 
238U and 235U respectively, however amphibolite in contrast to 
granulite rocks tend to have high values of 208pb /204 pb , the 
decay product of 232Th . The range of 208pb /204 pb values in 
amphibolite-facies Lewisian, however, is extremely large from 
1975), i.e. values indistinguishable from granulite grade 
gneisses. 208pb /206 pb against 206pb /204 pb diagrams make use of 
averaged composition points to distinguish the influence of 
either amphibolite or granulite-facies gneiss. In view of the 
extremely inhomogeneous Pb- isotope character of the Lewisian 
basement this technique is highly inappropriate. 
Unless it can be established that two-component mixing 
rather than AFC processes have taken place, there are even more 
serious objections to the use of 87Sr /86Sr against 206pb /204 pb 
diagrams to discriminate between contaminants (i.e. Dickin 1981, 
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Dickin and Jones 1983, Dickin et. al. 1984, Palacz 1985, Palacz 
and Tait 1985, Morrison et. al. 1985). These diagrams not only 
use averaged composition points for heterogeneous crustal units, 
but suffer the additional problem inherent in AFC that unless 
Dsr-l mixing curves do not project towards the contaminant. 
6.3.7. Summary 
Pb isotopic analyses demonstrate that rocks from the 
contact zone on Rhum have been contaminated with Lewisian-derived 
Pb. The means by which this occurred is unclear. It may have 
taken place either directly by assimilation of gneiss, or 
indirectly via interaction with a melt, rock, or fluid which 
inherited its isotopic signature from the Lewisian basement. 
6.4 OXYGEN ISOTOPES 
6.4.1. Introduction 
Oxygen isotope studies (Taylor 1968, Tayror and 
Forester 1971, Forester and Taylor 1977) have demonstrated that 
many British Tertiary centres underwent large-scale exchange with 
heated, low 180 fluids. To examine whether this process also 
occurred on Rhum an oxygen isotope study was undertaken. Full 
results of this work are given in table 6.3, and plotted on a 
simplified geological map (figure 6.6); a summary of the 
analytical procedures is given in appendix 2. 
6.4.2. Evidence for 180 exchange with meteroic fluids 
Figure 6.6 shows clearly that all igneous rocks of the 
Rhum complex, as well as the adjacent country rocks are depleted 
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TABLE 6.3 OXYGEN ISOTOPE ANALYSES 
SAMPLE ROCK TYPE LOCATION AND SIOO 0/ 00 SIOO 0/00 
LOCALITY ALL MEA N 
NUMBER REPLl CATE ANALYSES 
R40 West ern Granophyre Glen Duian - 44 +0.47 +0 .4 7 
R49 Western Granopbyre Wreck Bay - 55 tl. 99 t 1.99 
RS5 Tertiary Felsite Dibdil - 81 +6. 77, t 5. 30 +6.04 
RS6 Marlinal Dibdil - 84 +2. 26 , 2.20 +2.23 
Micro-Granodiorite 
RS7 Gabbro Dibdil - 85 +2. 13, +3.09, +2.29 +2.50 
R61 Mobi tized Torridonian Inbbir Gil - 100 +2.69, +3.02, +3.35 +3.02 
Sst 
R62 Quartz Gabbro Inbbir Gil - 94 +2.91, +2.80, +2.76 +2.82 
R66 Torridonian Sst Inbhi r Gil - 105 +1. 78, + 1. 32 , + 1.14 +\. 41 
R67 Partly fused Papadil - 11 +4.16, +4.44 +4.3 
R69 contact facies of Papadil - 111 +3.36, +3.51 +3 . 44 
labbro with R67 
R75 Orthopyroxene - Phyric Papadil - 115 +1.54, +0.91 +1.2 3 
Dalei te 
R76 Peridotite Papadll - 116 +4.57, +4.78 +4.68 
R82 Gabbro Northwest "-3.15, -2.53 -2 . 84 
Harril Bay - 5 
R89 IIsriinal Northwest -2.30, -3.35 -2.83 
lIiero-Granodiorite Harril Bay - 125 
R96 Quartz Gabbro Northwest -0.48, +0 . 76, +0 .3 4 +0.2 1 
Harris Bay - 134 
R97 Western Granophyre Northwest -4.95, -4.99, -5.50 ·5.16 
Harris Bay 
R151 Alliualite - Unit 8 Cnspan Breaea - 188 +4.02, +3 .24 +3.63 
R152 Gabbro Cnapan Breaca 189 t3. 15 , +3.1 2 + 3. 14 
R153 Oli \' ine Gabbro Cnspsn Breaca - 190 +0. 95 , +1.1 7 +1. 06 
Rl54 Orthopyroxene Gabbro Cnapan Brescs - 191 +0.43 , to .3 1 +0.37 
R155 Narlinal Cnapan Breaca - 191 +2.79, +2.89 +2.84 
lIicro-Granodiorite 
R156 Tertiary Felsite Cnspan Breaca - 191 +1.57, +1.84 +1. 71 
Traverse R235 1600 • (335) NE +7 .80 
alonl R230 Torridonian Sst 400 • (330) t. +5.07 
line R229 250 • (32" I ONI! +2.31 06'ientated R228 1   28) ANALYSIS +4 .2 5 
3 0E R227 Orbicular Torridonian 2 • (327) IN EACH +2.76 
Crosses R222 lIariinal 2oo-.-nHT- - CASH -0.47 
Micro-Granodiorite 
Contact R223 Gabbro 350 • (324) +1. 49 
Northwest of R224 Unit 8 Peridotite 800 • (325) +4.00 
Alt MhoI' R225 Unit 8 Allivalite 825 • (325) SE +1.81 
Na h Uallha 
R234 Linear Breccia in Loch Iii t chel! +8.15, +8 . 67 t8 . 41 
Torridonian Sst 
N 
t 
+0.47 
/ 
-2.84 
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Figure 6.6 . Simplified geological map of Rhum showing the results of oxygen 
isotope analyses. Values are in the conventional ~180 (% 0 ) notat i on 
measured relative to SMOW . 
in 180 . Pristine basaltic and andesitic rocks, that is those 
which have not been involved in hydrothermal exchange, have 0180 
values of between +5.5 and +7.0 (Forester and Taylor 1977), 
normal granitic rocks are slightly more variable with 0 180 values 
of +7 to +10 (Taylor 1968). The extent of hydrothermal exchange 
on Rhum is variable. Thus picrite R76 (0 180-+4.68) has been 
lowered less than 1 per mil, whereas granophyre R97 (0 180-5.15), 
is depleted by over 12 per mil. Different minerals are not all 
equally susceptible to 180 exchange, feldspars being more readily 
depleted than quartz, or ferromagnesian minerals (Taylor 1987). 
Thus variability in 0180 values reflects modal differences and 
variations between rock types. The difference between R224 unit 8 
peridotite (R224) and allivalite (R225) (0 18_+4.0, and +1.81 
respectively) is undoubtedly a result of their differing modal 
plagioclase contents. 
Variability in the degree of 180 depletion is not only a 
result of compositional differences, however. Thus felsite R1S6 
at Cnapan Breaca has a 0180 value of 1.71, whereas for -felsite 
R55 at Dibidil it is +6.04. Differences in 0 180 may also reflect 
variation in both water/rock ratios, and changes in 0180 values 
of the fluids. Forester and Taylor (1977) estimate that for 
Tertiary meteoric waters however, as exchange 
proceeds the contrast between water and rock would diminish with 
both time, and the extent of penetration into the intrusion. The 
proximity of a sample to a major fluid pathway, such as a fault 
or fracture will also result in decreased values of 0180. 
Rocks from the contact zone at northwest Harris Bay 
have experienced the largest reductions in 6180 found in this 
study, such that the quench-textured gabbro R82 has a value of _ 
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2.84 and the granophyre R97 -5.15. This suggests that at least 
in this area the contact zone has acted as a fluid pathway with 
locally increased water/rock ratios. Alternatively the low a180 
values at Harris Bay may be result of remelting and assimilation 
of the Western Granophyre, which was itself 018_ depleted due to 
prior exchange with meteoric fluids. The sample of Western 
Granophyre R49 collected at Wreck Bay, over 4 km from the 
ultrabasic complex contact, has a of +1.99. 
Comparison with the width of the hydrothermal aureole on Skye 
(Forester and Taylor 1977) suggests that R49 is too remote to 
have been depleted solely, due to circulation set up following 
emplacement of the ultrabasic complex, and indicates instead that 
the Western Granophyre underwent early exchange with meteoric 
fluids. Remelting and assimilation of already 180_ depleted 
granophyre could therefore account for the low a180 values at 
northwest Harris Bay. However the low a18 value of the quench-
textured gabbro R82, which shows no textural or chemical evidence 
of assimilation, argues against this process and in favour of 
high water/rock ratios as the explanation of this feature. 
Outside the Harris Bay area, rocks of the ultrabasic complex have 
a180 values in the range -0.47 to +4.68, comparable to those 
quoted by Taylor and Forester (1971) for the Cuillin gabbros of 
Skye. 
6.4.3. Width of 180 depletion zone in the country rocks 
To assess how far into the Torridonian country rock the 
effects of meteoric circulation were significant, a limited 
traverse across the contact east of Cnapan Breaca was carried out 
(figure 6.5). Quartz crystals from unaltered Torridonian rocks 
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on Skye have 6180 values between +10 and +14 (Forester and Taylor 
1977); whole-rock values would probably be lower, depending on 
the proportion of feldspar, clay and other minerals. Moreover, 
since the Torridonian is predominantly a coarse-grained clastic 
sedimentary rock, considerable variation in 6180 is likely, and 
will depend on the nature and proportion of the precursor 
material, i.e. whether meta-igneous or meta-sedimentary. 6180 
values for unaltered Torridonian rocks are therefore likely to be 
in the range +7 to +14. 
It can be seen from the traverse that the Torridonian 
country rock shows depleted 6180 values at least 400m away from 
the contact, however R235 1600m away (6 18_+7.80) appears to be 
unaffected. The width of the hydrothermal aureole on Rhum is 
therefore similar to that in the Torridonian rocks surrounding 
the Skye centre, where Forester and Taylor (1977) observed 6180 
depletions in quartz outward to about 1km. 
6.4.4. Pormation of linear breccias- 0 isotope evidence 
Within the large tract of Torridonian sandstone in the 
north of Rhum are numerous linear breccia zones consisting of 
bleached, disrupted, and partially melted sandstone. These 
features were first described by Harker (1908), who discussed 
their origin in detail, concluding that they formed by solfataric 
activity, and in some cases were subsequently intruded by 
basaltic magma. To examine this suggestion a sample (R234) was 
collected from the linear breccia 
Mitchell; it has a 6180 value of +8.41. 
zone southwest of Loch 
This is within the range 
of unaltered Torridonian and argues against the breccia zones 
being regions of high hydrothermal fluid discharge. 
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In thin section these rocks show evidence of high 
degrees of partial melting, contain abundant quartz paramorphs 
after tridymite, and resemble fused Torridonian adjacent to the 
ultrabasic complex and the numerous satellite peridotite plugs. 
This textural evidence and the absence of an 018 depletion 
suggests that the linear breccias are the expression of unexposed 
peridotite plugs lying below the present erosion surface. 
Disruption of sandstone within these zones probably occurred 
before the onset of melting, as a result of phreatic activity 
caused by the intrusion of magma into Torridonian containing 
groundwater. However, as the peridotite plugs are small bodies, 
heat loss to the country rocks would have been insufficient to 
cause major hydrothermal circulation. 
6.4.5. Summary 
In common with central complexes elsewhere in the 
British Tertiary Province, oxygen isotope analyses show that Rhum 
underwent massive exchange with meteoric hydrothermal fluids. 
Severe depletions in 6180 values occur locally along the contact 
i.e. at northwest Harris Bay, and suggest that it may have acted 
as a fluid pathway. Lack of 6180 depletions in linear breccias 
within the Torridonian country rock argues against them being 
formed by solfataric activity. Instead partial melt textures 
indicate that they are shallowly underlain by peridotite plugs. 
6.5 SUMMARY 
Isotopic evidence presented in this chapter demonstrates 
that the contact suite on Rhum has been contaminated with 
crustally-derived Sr and Pb. Sr isotope systematics indicates 
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that both the MMG and MRlB formed by a process of combined 
assimilation and fractional crystallization. Pb isotopes clearly 
demonstrate the involvement of Lewisian gneiss in the 
contamination process, however the mechanism(s) by which this 
took place is unconstrained. 0 isotopes show that exchange with 
heated meteoric fluids was an important process on Rhum. 
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CHAPTD. 7 
DISCUSSION ~ CONCLUSIONS 
7.1. INTRODUCTION 
In recent years there has been an increasing interest in 
the fluid dynamic processes operating in magma chambers. Studies 
have been largely laboratory based, modelling natural systems 
using tanks filled with crystallizing aqueous solutions (Chen and 
Turner 1980, McBirney et al.1985, Campbell and Turner 1987). The 
results of many of these investigations have recently been 
reviewed by Turner and Campbell (1986). Extrapolating from these 
laboratory experiments to real magma chambers, Turner and 
Campbell (1986) suggest that the most important differentiation 
processes are those which produce density contrasts between 
various parts of the system. All such processes are a response to 
heat loss through the bounding Rurfa~PR of ~hp rhRmhpr 8n~ 
result initially in either side-wall crystallization (Turner 
1980), or wall-rock melting (Campbell and Turner 1987). Turner 
and Campbell (1986) stress the critical role of chamber geometry 
in magma chamber processes, particularly the relationship between 
contact orientation and various styles of boundary flow. 
In the present study the features of the contact zone on 
Rhum have been examined in detail. Information has been collected 
on the orientation of the intrusion's bounding surfaces, the 
relationship between layering and the marginal rocks, and the 
response of the country rocks to heat loss from the ultrabasic 
complex. The results of this investigation are therefore 
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complementary to those from laboratory studies, providing an 
opportunity to test the relevance of alternative differentiation 
mechanisms generated by observing the behaviour of aqueous 
crystallizing solutions. 
The discussion in this chapter is presented in five 
sections. In the first part Brown's tectonic emplacement model, 
and the nature of the -Marginal Gabbro" are examined. In the 
second section the mode of emplacement of the intrusion is 
discussed. The influence of the contact zone and chamber 
geometry on the development of layering is assessed in the third 
section. In the fourth section the processes involved in 
contamination of both the contact suite, and the intrusion as a 
whole are discussed. The fifth section examines the influence 
of hydrothermal groundwater circulation on the cooling history 
of the intrusion. 
7.2. EVIDENCE POR lH SITU DEVELOPMENT OP THE ULTRABASIC COMPLEX 
7.2.1. Introduction 
Unlike the classic Skaergaard intrusion of East 
Greenland, the Rhum ultrabasic intrusion has no distinct marginal 
border group or chilled margin. These observations led Brown 
(1956) to propose that the -Eastern Layered Series was not formed 
at the present horizon- but "represents part of a much bigger 
layered complex faulted up into its present position subsequent 
to consolidation-. This model was later extended by Wadsworth 
(1961) to the emplacement of the Western Layered Series and by 
Dunham (1970) to the complex as a whole. 
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Brown's model (1956) implies that rocks of the contact 
are a late feature of the intrusion rather than 
related to the formation of the layered 
being directly 
series. Field 
relationships outlined in chapter 2, however, are inconsistent 
with this view and indicate instead that the complex formed 
essentially in situ. Because this point is fundamental to all 
that follows in this chapter. the main arguments against a 
tectonic emplacement model for Rhum are presented in this 
section. Evidence conflicting with a fault-emplacement model has 
also been presented by Robinson and McClelland (1987), and 
Emeleus (1987). 
7.2.2. Geometry and orientation of the contact zone 
As was clearly recognised by Brown (1956), upward 
emplacement of a solid plug of rock requires either a vertical or 
an inwardly dipping fracture system; he states that "no evidence 
has been found to support an outward dip to the ring fracture". 
Steep, near-vertical contacts are certainly developed in many 
places at the margin of the Eastern Layered Series, however there 
are also a number of key localities where the contact shallows 
to produce outwardly dipping roof pendants, notably at Cnapan 
Breaca and Beinn nan Stac. 
In the Dibidil valley the contact zone has a 
geometry, with a dome-like roof to the large body 
complex 
of MMG 
(section 2.5.3); nowhere does it have a vertical or steep inward 
dip. The orientation of the contact in this area demonstrates 
that the Eastern Layered Series continues under the cover of the 
Southern Mountains Complex. 
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The fact that both the Southern Mountains complex and 
the roof pendants at Beinn nan Stac and Cnapan Breaca contain 
Tertiary felsites and explosion breccias, believed to have formed 
by sub-aerial pyroclastic activity (Williams, 1985), limits the 
amount of upward movement that could have occurred during 
emplacement of the ultrabasic complex. The outward dip of the 
contact at these localities makes upward movement of the 
intrusion as a single, consolidated block impossible. 
In the Long Loch area a series of elongate peridotite 
tongues are developed, the largest of which forms part of the 
Central Series (McClurg, 1982). Two of these bodies clearly 
transgress the MRF, demonstrating it to be an earlier structure 
and therefore unavailable as the fracture system for the 
emplacement of the intrusion. Furthermore, the crenulated nature 
of the contact in this area is inconsistent with a steep fault-
bounded margin, suggesting instead that the peridotite tongues 
formed in their present position. The petrographic similarities 
between the material of the Long Loch tongues and the numerous 
ultrabasic plugs in the undisturbed Torridonian rocks to the 
north of the intrusion are also relevant to this discussion. 
These bodies demonstrate beyond doubt that high-level emplacement 
of peridotite took place unaided by faulting. 
7.2.3. Relationship between the contact zone and layering 
At both Beinn nan Stac and northwest Harris Bay layered 
basic and ultrabasic rocks can be traced to within a few metres 
of the country rock contact without any signs of either 
deformation or faulting. Wadsworth (1961) explained these 
features in terms of high-temperature annealing of the fault 
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zone. However, within the section at northwest Harris Bay are 
several examples of harrisitic layers which thin and pinch out 
towards the contact. There are also a number of irregular 
harrisitic pods elongate parallel to the contact; in one example 
sheaths of elongate olivines have nucleated directly on the 
contact (section 2.6.4). As noted by Donaldson (1982), these 
features demonstrate that the contact has exercised a control 
over the development of harristic layering; this is unlikely if 
the contact by late-stage faulting. 
7.2.4. Evidence from small-scale structures 
Small-scale structures at northwest and southwest Harris 
Bay provide strong evidence that the layered series rocks were 
either molten or only semi-consolidated when injected by 
rheomorphic melts derived from the adjacent Western Granophyre. 
Numerous examples of bulbous lobes and detached blobs of 
ultrabasic material enclosed in MMG occur along the upper surface 
of the MMG vein and apophysis at northwest Harris Bay (i.e. 
section 2.6.3. plate 2.13b; section 2.6.4. plate 2.l6b). 
Ultrabasic materials within these structures have 
textures indicative of rapid crystallization, with preservation 
of primary skeletal olivine morphologies lost elsewhere due to 
sub-solidus equilibration section 3.9.4.3). The chemical 
composition of this material is similar to high-MgO basaltic 
dykes analysed by McClurg (1982), and adopted by Faithful (1985) 
as his parental liquid to the Lower Eastern Layered Series. 
Preservation of this material along the contact, in structures 
indicating a liquid-liquid relationship with the 'enclosing MMG, 
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cannot be explained by Brown's (1956) fault-emplacement model. 
The contact is a primary feature which due to an enhanced 
cooling rate has preserved samples of the parental liquid to the 
layered series. 
7.2.5. The -Marginal Gabbro· 
In proposing an uplift-emplacement model for the Eastern 
Layered Series Brown (1956) noted "the absence of any impressive 
zone of rupture" and attributed this to the presence of a 
weathered zone of "Marginal Gabbro" which he states acted "as a 
lubricant during the upward movement of the layered series". 
During the course of detailed mapping, both in the type area of 
the "Marginal Gabbro" (section 2.3.6.), and elsewhere around the 
intrusion, no evidence has been found to support the concept of a 
distinct gabbroic envelope separating the ultrabasic complex from 
the surrounding country rocks. It is therefore one of the main 
conclusions of this work that a "Marginal Gabbro· as proposed by 
Brown (1956) does not exist. The outcrops identified by Brown as 
being "Marginal Gabbro' are believed to represent the 
contaminated and hydrothermally altered edges of conformable 
allivalite horizons. Likewise, the material at northwest Harris 
Bay identified by Wadsworth (1961) as equivalent to "Marginal 
Gabbro" appears to be variously acidified gabbro, MMG and MRIB. 
7.2.6. Theoretical considerations 
In the descriptions of the upward emplacement model 
given by Brown (1956), Wadsworth (1961) and Dunham (1970) no 
mechanism is presented to explain how a solid plug of dense 
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cumulates is forced upwards following consolidation of the 
original chamber. There is no evidence for regional tectonic 
compression during Tertiary times on Rhum, on the contrary the 
area was undergoing regional extension. The "push" required by 
this process could not have been supplied from a fresh influx of 
magma at the base of the hypothetical solid plug, for, as noted 
by Turner and Campbell (1986), fluids have no strength and can 
only open cavities such as magma chambers by effectively 
"floating" their roofs. Under such circumstances a plug of dense 
cumulate would sink rather than float upward. 
7.2.7. Summary 
Evidence collected during this study does not support 
Brown's (1956) upward emplacement model; instead the ultrabasic 
complex must have formed ln~. This does not mean that 
emplacement of the intrusion was unaccompanied by deformation or 
faulting. Downward displacement of the cumulate pile due to 
c0~901id~ti0~ ~~d ~ompaction may well have taken place. There ic 
also abundant evidence that the country rocks surrounding the 
intrusion have been deformed in response to inflation of the 
chamber; structures developed in this manner are examined in the 
next section. Nonetheless, these processes do not alter the main 
conclusion of this discussion that the marginal relations are not 
a late fault-related feature but constitute the original contact 
of the intrusion. 
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7.3. EMPLACEMENT MECHANISMS AND CRUSTAL DEFORMATION 
7.3.1. Introduction 
In the previous section it was demonstrated that a 
tectonic emplacement model for the ultrabasic complex is 
untenable, and instead it must have developed essentially in 
situ. This conclusion, however, raises further questions, i.e. 
what was the actual emplacement mechanism what was the size, 
shape and depth of the original chamber, and how was the space 
for it created. In this section the emplacement mechanics of the 
ultrabasic complex are examined using the information about the 
nature and orientation of the contact zone presented in previous 
chapters. 
7.3.2. Depth of the magma chamber - implications for the mode of 
emplacement 
The depth at which a magma chamber develops in the crust 
is an important factor controlling the deformation response of 
the surrounding country rocks (Batt and Tantrigada 1987). The 
presence of inverted tridymites in melted Lewisian and 
Torridonian rocks (sections 3.2.3. and 3.3.4.2.), demonstrates 
that the Rhum chamber was extremely shallow, with its roof less 
than lKm. below the Teriary land surface. At such a high crustal 
level the country rocks will deform in a brittle fashion, and two 
possible modes of emplacement may occur, namely stoping, or 
forceful intrusion (Batt and Tantrigoda 1987). 
For cauldron subsidence, or other forms of stoping, to 
take place the stoped rocks must be denser than the rising magma 
(Batt and Tantrigoda 1987). Quenched ultrabasic material along 
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the contact at northwest Harris Bay (section 5.3.4) demonstrates 
that parental liquids with up to 16.4% MgO were available on 
Rhum; using different criteria, liquids with up to 21% MgO have 
been suggested by other workers (Huppert and Sparks 1980, 
McClurg 1982, Tait 1985). In fig. 7.1 the density-depth curve for 
a liquid with 16.4% MgO (R80) is shown in comparison to a 
profile for the major lithospheric units for northwest Scotland 
(Hall 1986). At depths less than 15 Km. crustal rocks are 
generally less dense than the picritic liquid R80, and hence 
stoping would not have been a viable emplacement mechanism. This 
suggests that forceful emplacement by updoming, faulting and 
fracturing of the roof rocks was the dominant means by which 
space was created for the complex; the mechanics of this process 
are examined in the next two sections. 
7.3.3. Geometry of the Rhum magma chamber - influence of cumulate 
pile 
Gravity data (Mcquillin and Tuson 1963) indicate that 
Rhum is underlain by a vertical cylinder of dense, mafic rocks 
(3.05 - 3.10 g/cm3) which extends to at least 15 Km. The origin 
of this body is examined in section 7.5.2. For the purposes of 
the present discussion it is important to note that the presence 
of dense, mafic rocks underlying the ultrabasic complex would 
have exerted a major control on its mode of emplacement. Along 
the upper surface of the cumulate cylinder there would have been 
a sharp transition in crustal density, with that of the cumulates 
being considerably greater than that of ascending magma batches, 
and that of the overlying country rocks considerably less (fig. 
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7.1). This interface marks the surface of "neutral buoyancy" 
(Ryan 1987) for the chamber, along which successive batches of 
magma will pond, and then spread laterally producing a sill-like 
body. 
As pointed out by Turner and Campbell (1986), since 
rocks have little strength and fluids no strength, a magma 
chamber is maintained by a balance between the gravational forces 
acting on the roof and the buoyancy force provided by the magma. 
The chamber roof is in fact floating on the underlying magma I In 
the case of Rhum space for magma batches emplaced along the 
horizontal surface between the cumulate cylinder and the 
overlying country rocks would have been created essentially by 
updoming of the overburden. If each new batch of magma spread 
laterally across the same area as previous pulses, and each were 
of uniform height, uplift of the overburden would be equal at all 
points above the surface of neutral bouyancy. This is not however 
the case, outward dipping contacts are developed at a number of 
places around the contact, i.e. at Beinn nan Stac, Cnapan 
Breaca, and Dibidil; the roof is therefore broadly dome-shaped 
with maximum uplift of the overburden occurring above the centre 
of the intrusion. Thus as originally pointed out by Harker 
(1908), the ultrabasic complex has the form of a laccolith. In 
the next section the emplacement mechanics of laccolithic 
intrusions are examined, before considering in detail the 
structure of the Rhum contact zone. 
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7.3.4. Laccolithic intrusions - Gilbert's mechanical model 
A theoretical understanding of the emplacement mechanics 
of laccoliths was first developed by Gilbert (1877) based on his 
observations of the classic intrusions of the Henry Mountains, 
Utah (fig. 7.2a). He was able to demonstrate convincingly that 
these bodies formed initially as parallel-sided sills, which once 
they had spread sufficiently in a horizontal direction increased 
in volume by bending and then upfaulting the overburden. Gilbert 
developed a mechanical model for laccolithic intrusions (figure 
7.2b), which he likened to a simple hydraulic press. His model 
assumed that the overburden deformed as a rigid block and that 
magma applied equal pressure over the base of the overburden 
cylinder. He expressed the upward force N as : 
where Pm is the total magma pressure and a the radius of the 
cylinder. This upward force is resisted by the shear force, S 
acting on the cylinder margin and by the overburden weight W. As 
uplift begins the shear force S can be expressed as: 
5 - 2 naT K 
where T is the overburden thickness and K the shear strength; the 
overburden weight may be written in terms of the lithostatic 
pressure Pl as : 
Gilbert argued that because the magma pressure must be at least 
as great as the lithostatic pressure to form a sill, the 
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Figure 7.2. A. Schematic cross - section of ideal laccolith as 
Gilbert (1877). B. Gilbert's mechanical model for laccolithic 
The force N acting on the cylinder of overburden (diameter 2a) 
by the overburden weight W, and the shear force S acting along 
margins (after Johnson and Pollard 1973). 
concieved by 
intrusions. 
is resisted 
the cylinder 
effective or driving pressure Pd deforming the overburden is 
As a component of force N. the driving force Nd must be at least 
as large as the shear force S. i.e. 
Nd - n a2 Pd > 2 naT K (shear force) 
When the magma has spread over a small area Nd will be less than 
S but since Nd increases as the square of the radius and S only 
as its first power once magma has spread over a sufficient area 
the relationship for uplift will be satisfied. 
This concept of a limited area below which magma will 
not lift its roof was re-examined by Johnson and Pollard (1973) 
who found it to be "qualitatively well supported by the field 
evidence". They point out that although Gilbert's model is 
reasonable for the later stages of laccolithic emplacement, it 
takes no account of the initial phase when the overburden is bent 
upwards without fracture. Deformation during this early stage 
occurred along closely space cataclastic shear planes best 
developed at the intrusive contacts, or by differential slippage 
along original sedimentary contacts. 
Based on a study of the fracture network in the margins 
of the Skaergaard intrusion, Norton et al. (1984) have proposed 
that this body also formed initially as a sill-like body and then 
enlarged by deflecting the overburden upwards. Turner and 
Campbell (1986), and Ryan (1987) suggest that this type of 
mechanism is common to most large-volume intrusions, with magma 
rising through the crust until it reaches a level where the 
average density of the overlying rocks is equal or less than that 
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of the ascending melt, it then spreads laterally to produce a 
magma chamber in the manner already described. In the next 
section the structure of the contact zone on Rhum is examined in 
detail to test the suggestion that ultrabasic complex was 
emplaced as a multiple laccolith. 
7.3.5. Structures developed along the contact zone in response to 
emplacement of the ultrabasic complex 
7.3.5.1. Structure of Southern Mountains Complex 
In section 2.5 is was shown that the Dibidil valley is 
underlain by the southwards extension of the ELS, and not by a 
later "eucrite". In addition, the relationship between the 
layered rocks and the contact zone (fig.2.2) in this area 
suggests that the ELS continues beneath the cover of the Southern 
Mountains Complex (SMC). The roof of the original chamber was 
therefore at a lower elevation in this area than in other 
regions, where it has now largely been removed by erosion. This 
depression in the chamber roof was probably caused by the large 
mass of Lewisian gneiss in the SMC. This represents a 
comparatively dense unit (p-2.74 g cm- 3 approx.) compared to 
either Tertiary felsite or Torridonian sandstone (p-2.6 g 
approx.) and would therefore have achieved hydrostatic 
equilibrium with the underlying magma at a lower level than these 
lighter crustal units. Thus the Southern Mountains region of the 
complex has remained roofed because Lewisian gneiss was less 
buoyant than other types of country rock when emplacement took 
place. 
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Lewisian gneiss in the SHC outcrops on the lower 
northwest slopes of Ainshval and is overlain to the southeast by 
successively younger units, namely Torridonian basal grit and 
shale, Tertiary felsite and explosion breccias. The structure 
defined by these units resembles a tilted block with the maximum 
uplift along the northwest edge. Since this area appears to be 
underlain by layered series rocks at no great depth it is likely 
that tilting of these units occurred during emplacement of the 
ultrabasic complex, and not as the result of some earlier 
Tertiary event. The gneisses on Ainshval's northwest slopes show 
evidence of extreme thermal metamorphism and disruption (Harker 
1908), features consistent with deformation being contemporaneous 
with emplacement of the ultrabasic complex. A simple model to 
account for the structure of the SHC is depicted in fig. 7.3. 
7.3.5.2. Gravity collapse of the magma chamber roof at Beinn nan 
Stac 
Smith (1985) has presented field evidence that the 
steeply dipping units along the MRF have been overthrust by 
Torridonian shale forming the lower slopes of Beinn nan Stac. 
This thrust may have formed by local gravity collapse of the 
magma chamber roof; a possible mechanism for this process is 
, 
depicted in figure 7.4. The contact on the southeastern slopes of 
Beinn nan Stac dips at approximately 30°, but may originally have 
been shallower (figure 7.4a). With each successive sill-like 
pulse of magma the contact would steepen (7.4b), until a point 
is reached where the roof rocks collapse, effectively sliding off 
the chamber (figure 7.4c,d). This process would be aided by 
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Figure 7.3. Model for evolution of Southern Mountains Complex. A. Southern 
Mountains prior to emplacement of ultrabasic complex. Structure represents 
a down _ faulted block which developed by caldera collapse during formation 
of the Main Ring Fault (MRF). B. Ultrabasic complex is intruded laterally 
as a series of sill - like pulses of magma. This process uplifts and tilts 
the Southern Mountains as a single coherent block. with maximum uplift 
towards the centre of the complex. Inset shows line of section. T 
Torridonian. F - Tertiary felsite. L - Lewisian gneiss. 
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Figure 7.4. Evolutionary model for the contact zone at Beinn nan Stac. A. 
Thin layer of crustal rocks overlie cylinder of consolidated cumulates. B. 
Emplacement of thin sill - like magma chamber C. Succession of cyclic 
layers built up from repeated injection of sill - like magma pulses. Wall -
rocks become oversteepaned and failure occurs along the plane (A - B). D. 
Gravity collapse of the over - burden. aided by drop in shear strength 
along the contact due to partial melting of the country rocks. 
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partial melting along the contact, thereby locally decreasing the 
shear strength of the country rocks. 
Field mapping and aerial photographs show that the 
country rock carapace overlying layered series rocks on Beinn nan 
Stac is fragmented into a series of fault-bounded blocks. Some of 
these are inclined at a steep angle to one another, as on the 
hill's southern slopes. Fragmentation of the country rock, 
followed by displacement of the various blocks was probably an 
important mechanism by which space was created for the inflating 
chamber. 
7.3.5.3. Small-scale deformation structuras 
Small-scale cataclastic shear fractures similar to those 
found in the country rock 
laccoliths are present on 
surrounding 
Rhum. The 
the Henry Mountains 
Lewisian-Torridonian 
unconformity exposed immediately east of the Priomh Lochs is 
strongly sheared (section 2.9), this may be the result of 
differential movement along this contact during emplacement of 
the ultrabasic complex. Small-scale shear fractures in the 
Western Granophyre (Wadsworth 1961), which are particularly 
abundant at northwest Harris Bay, may also have formed during 
deformation associated with emplacement of the ultrabasic 
complex. In the Henry Mountain laccoliths shearing was 
particularly strong along the contacts (Johnson and Pollard 
1973); intrusion breccias along the margin of the Rhum complex 
may in part have formed by such a mechanical deformation process. 
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7.3.5.4. Peridotite tongues and plugs 
The margins of both sills and laccolithic intrusions 
commonly have irregular, finger-like terminations (Francis, 
1982). On Rhum the series of north-trending peridotite tongues in 
the Priomh Lochs area may represent equivalent features. The 
orientation of these bodies suggests that they may have developed 
along fracture sets related to the Long Loch fault. The magma 
flow direction would presumably have been parallel to their 
elongation direction, and outward from the centre of the complex. 
A possible emplacement mechanism for these unique structures is 
given in fig.7.5. 
Outcropping due north of the most westerly peridotite 
tongue in the Priomh Lochs area is a small compOsite peridotite-
gabbro plug. As suggested in section 2.9 the plug and tongue may 
form a single continuous body connected at depth. Peridotite 
plugs are widely distributed throughout the large tract of 
Torridonian rocks north of the ultrabasic complex. It is 
tempting to SUeeARt that these mAy r~prp8ent of'qhootq from 
unexposed peridotite tongues (fig.7.5), which connect them with 
the ultrabasic complex to the south. At their upward termination 
peridotite plugs give way to linear breccias, which apparently 
formed as a result of phreatic activity associated with 
emplacement of these bodies (section 6.4.4). 
7.3.6 Summary - The Rbum chamber a. a multiple laccolith 
The Rhum ultrabasic complex was emplaced at a shallow 
crustal level i.e. <1 Km. depth, as a series of sill-like pulses 
along the interface between low density crustal rocks and high 
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Figure 7.5. Model for the development of peridotite tongues and plugs A. 
Intrusion of ultrabasic magma along zones of weakness in the country rocks. 
B. Uplift and tilting of overburden above developing peridotite tongue. C. 
Morphology of tongues after erosion. D. Speculative drawing of how 
peridotite plugs may be attached to tongues at depth. The upper contact of 
the peridotite plug is overlain by a zone of brecciated and melted country 
rock. 
density cumulates. In response to inflation of the chamber the 
country rocks experienced complex deformation. In particular 
there is evidence that the roof-rock carapace fragmented into 
fault-bounded segments which locally became unstable and 
collapsed. 
7.4. ORIGIN OP LAYERING I INFLUENCE OP CONTACT ZONE ORIENTATION 
AND CBAKBBR GEOME'l'llY 
7.4.1. Introduction 
Cyclic igneous layering, spectacularly developed in the 
Hallival-Askival area, has received more attention than any other 
aspect of the island's geology. Five different schemes have been 
put forward to account for the development of Rhum's layered 
rocks: 1. Peridotite and allivalite layers formed as separate 
stratiform intrusions (Harker 1908). 2. Layers formed by bottom 
accumulation of crystals in a chamber replenished with basaltic 
liquid (Brown 1956). 3. Layers formed by bottom accumulation of 
crystals in a chamber replenished with picritic liquid (Huppert 
and Sparks 1980). 4. Peridotite layers formed as sills injected 
into an already solidified layered troctolite complex (Bedard et 
a1. in press). 5. Layering developed in a continually replenished 
sill-like magma chamber by down-dip accretion (Young et a1. 1986, 
in press). In this section the role of i) the contact zone, and 
ii) chamber geometry in the development of layering are 
critically assessed. 
7.4.2. Layering and the country rock contact 
At northwest Harris Bay layered basic and ultrabasic 
rocks continue to within a few metres of the contact with the 
Western Granophyre. As discussed in section 7.2.3. the contact 
appears to have exercised local control on the development of 
layering, with harrisitic horizons thinning and then dying out 
towards it. The MMG sill, vein and apophysis intrude sub-parallel 
to layering and contain numerous small-scale structures (section 
7.2.4), indicating a liquid-liquid relationship with the Harris 
Bay Member. These relationships point to layering as an early 
feature, formed in the liquid state. 
On a larger scale the layered rocks are unaffected 
either by the orientation, or composition of the contact zone. 
Thus in the Dibidil-Beinn nan Stac region, despite its complex 
geometry, layered rocks maintain a consistent orientation and 
thickness to within a few metres of the wall-rocks. These 
relationships argue against the country rock contact exercising 
:I'.:ljc:' cc~t:,cl or. the layer-forming process, Oii. the contary, a~ 
shown in the previous section the wall-rocks have themselves been 
deformed in response to emplacement of the ultrabasic complex. 
7.4.3. Evidence for lateral migration of the ILS magma chamber 
On the lower southwestern slopes of Askival, unit 9 
allivalite clearly dies out laterally against the underlying 
peridotite layer (plate 2.10). The structure developed is 
superficially reminiscent of sedimentary cross-bedding. This 
feature has more than one interpretation, it may for example 
indicate that underlying peridotite is a later body intruded into 
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Unit 9 allivalite, and possibly also unit 10. Alternatively, if 
the sequence formed as a series of conformable cumulate layers. 
i.e. oldest unit at the bottom, youngest on top, this structure 
suggests that a major regression took place when unit 9 
allivalite was formed. 
In section 7.3. it was suggested that the ultrabasic 
complex formed as a series of sill-like pulses of magma emplaced 
along the interface between underlying consolidated cumulates and 
overlying country rocks. Depending on the volume of magma 
involved in each replenishment event the lateral extent of the 
chamber may vary greatly, thus as in a sedimentary basin, offlap 
and onlap relationships are to be expected. The cooling rate in a 
magma chamber of large aspect ratio (large length to height 
ratio) will be high and may in part account for the relatively 
fine grainsize of the Rhum cumulates. 
7.4.4. Summary 
Besides exerting local control on the development of 
harrisitic layers at northwest Harris Bay, the country rock 
contact appears to have had little direct influence on the 
development of layering. A more important control was the 
geometry of the chamber in which the layering developed. This 
appears to have been of large aspect ratio, and may have varied 
in its lateral extent, resulting in the development of cross-
stratified layering. 
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7.3. CONTAMINATION 01 THE ULTRABASIC COMPLEX 
7.3.1. Introduction 
In the previous sections of this chapter it has been 
clearly demonstrated that the ultrabasic complex formed 1a ~, 
as a series of sill-like injections of magma emplaced at a 
shallow level in the crust. Detailed field and petrographic 
evidence (chapters 2 and 3) show that heat loss to the country 
rocks resulted in partial melting of the more granitic 
lithologies. Under these conditions it would seem reasonable to 
suggest that contamination of the ultrabasic complex also 
occurred in situ. 
dynamic evidence 
However, Campbell (1985) has presented fluid-
that large-scale contamination of layered 
intrusions occurs prior to emplacement as a result of wall-rock 
melting within the feeder conduit. In this section the mechanisms 
involved in contamination of the ultrabasic complex are examined, 
and in particular the crustal level at which these occurred. 
7.S.2.In situ versus pre-emplacement contamination 
Because lower crustal rocks are hotter than those of the 
upper crust they are potentially a more important source of 
contamination to ascending mafic magma batches. Compositional 
differences between the lower and upper crust, however, may 
counteract this thermal effect. In the case of Northwest Scotland 
the lower crust is probably composed of basic granulite-facies 
gneisses (Hall 1986). These represent a highly refractory 
lithology which is unlikely to be a major source of contamination 
to the mafic magmas. 
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The boundary between the lower and upper crust under 
Northwest Scotland (approx. 15Km. depth) is sharp and marked by a 
strong density contrast that reflects the compositional 
differences between the two layers (Hall 1986). Crustal material 
above this interface probably consists of amphibolite-facies acid 
gneisses (Hall 1987). Since this material is likely to undergo 
partial melting at much lower temperatures than the underlying 
basic gneisses it represents a more likely source of 
contamination. 
An important feature of the boundary between the lower 
and upper crustal layers is that it represents the point at which 
the density of the crust first falls below that of ascending 
picritic magma (fig.7.1). It therefore represents the point of 
neutral buoyancy (Ryan 1987), so that although magma batches may 
rise above it (driven by their hydrostatic head), once this 
initial momentum has been overcome they will fall back and then 
spread out along the lower crust - upper crust interface. Each 
successive pulse of ma~ma once crystallized will produce a dense 
cumulate sill (p - approx. 3.1 g cm- 3) which will have the effect 
of deflecting the point of neutral buoyancy upwards. It is by 
this type of process that the dense cumulate cylinder underlying 
the exposed ultrabasic complex (Mcquillin and Tuson 1963) may 
have formed. 
An important consequence of the unexposed cumulate 
cylinder is that it would have acted as a shield protecting 
later batches of magma from contamination by amphibolite-facies 
gneiss. Thus the parental magmas to the complex would have been 
largely uncontaminated prior to emplacement into the currently 
exposed country rocks. These arguments therefore indicate that 
the ultrabasic complex not only formed in situ, but was also 
contaminated in situ. In the next section the results of several 
experimental simulations of assimilation in magma chambers are 
presented before examining their relevance to the genesis of MMG 
and MilS. 
7.S.3.Chambers that melt their roofs - experimental .!mulations 
Contamination by means of crustally-derived melts can 
occur whenever the rocks surrounding an intrusion have a lower 
melting point than the temperature of the emplaced magma. 
However, in small bodies such as dykes and sills magma rapidly 
chills against its contacts, protecting them against thermal 
erosion. This is also true for small-sized basaltic layered 
intrusions, for example Skaergaard which was emplaced rapidly, 
chilled against the country rocks and quickly accreted a marginal 
border group (Kays et ale 1981, Norton et al. 1984). In contrast, 
many intrusions extensively melt their country rocks (Turner and 
Campbell 1986, Campbell and Turner 1987), either as a result of 
their large volume, or because of repeated replenishment The 
evidence of crustal fusion along the ultrabasic complex contact 
documented in chapter 2, shows that Rhum belongs to this latter 
group of intrusions. 
Melting of granitic country rock by mafic magma at steep 
contacts has been modelled experimentally by Campbell and Turner 
(1987). The low melting point wall rocks were simulated by a 
block of ice, magma by a warm saline solution (fig. 7.6). At the 
onset of melting a thin fresh-water boundary layer formed at the 
surface of the block. This rose along the solid-liquid contact 
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\ 
Figure 7.6. Schematic view of the production of stratification and layering 
in an originally homogeneous salt solution by side -wall melting of ice, 
and the feeding of the rising boundary - layer into extending double -
diffusive layers (figure and caption fig. 11 Campbell and Turner 1987). 
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entraining salt solution to form a cold. relatively fresh fluid 
that collected as a distinct layer at the top of the tank. This 
layer thickened with time and was stratified both thermally and 
compositionally. The boundary layer against the ice was also 
zoned. with cooler. fresher solution near the ice. and warmer 
denser fluid away from it. As the boundary layer entered the 
developing stratified zone at the top of the tank. various 
portions rose to different heights. spreading horizontally when 
their density equaled that of the adjacent fluid (figure 7.6). 
Similar ice melting experiments were carried out by Huppert and 
Turner (1980) under conditions where the saline solution was 
already density stratified. Little melt water flowed to the top 
of the tank in this situation. rather it was incorporated in a 
series of double-diffusive layers which spread horizontally away 
from the block. 
Campbell and Turner (1987) liken the stratified hybrid 
layer that builds up at the top of the tank in their experiments. 
to th~ z0n~d granitic cap th~t exictc abcve many mafic chamber: 
(Smith 1979. McBirney et al. 1985). In an earlier paper (Turner 
and Campbell. 1986) they point out that wall-rock melting is a 
more efficient means of producing this compOSitional 
stratification than the alternative mechanism of side-wall 
crystallization (Chen and Turner 1980, McBirney et al. 1985). 
Thermal arguments, presented in chapter 6, indicate that 
the heat required for assimilation in a natural chamber is 
supplied by the release of latent heat from the crystallizing 
basaltic magma. If the wall-rock melt and residual basaltic 
liquid can then mix freely. the geochemical path along which the 
system evolves will be that predicted by the AFC process (Taylor 
1980, De Paolo 1981). Campbell and Turner (1987) argue that this 
is an unlikely process in a zoned magma chamber where hybrid melt 
is separated from the underlying basaltic magma by a double-
diffusive interface. Because the rate of chemical diffusion is 
three orders of magnitude less than that of heat there will be 
negligible mass transfer across the interface. The upper zone, 
however, will be kept in a superheated state as the lower 
basaltic fraction crystallizes and will therefore continue to 
assimilate the roof rocks. In this way Campbell and Turner (1987) 
argue that although assimilation and fractional crystallization 
occur simultaneously in a magma chamber, they do so in virtual 
chemical isolation of each other. 
7.5.4. Assimilation and mixing during boundary layer flaw 
origin of marginal microgranodirite 
Field relationships at northwest Harris Bay indicate 
parallels between the boundary conditions of the ultrabasic 
complex and the ice melting experiments of Campbell and Turner 
(1987). Small-scale structures between olivine gabbro and MMG at 
this locality suggest a liquid-liquid relationship between these 
lithologies (section 7.2.4.). If the MMG was largely a product of 
local country rock fusion due to heat loss from the olivine 
gabbro, their mutual contacts would be angular. This is because, 
a8 Wyllie (1961) demonstrated in the case of a picritic sill on 
Soay, the olivine gabbro would have been almost completely solid 
before significant melting of the country rock had occurred. This 
implies that olivine gabbro was emplaced into an already liquid 
zone of MMG. This interpretation raises a further problem 
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because, by virtue of its low density, a pocket of country rock 
melt once created will convect upwards away from its source 
region. The layer of MMG into which the olivine gabbro was 
emplaced would have formed at depth and then have flowed upwards 
to the point where the two lithologies interacted (fig.7.7). 
Shortly after the emplacement of the olivine gabbro, the system 
underwent a stage of rapid cooling, resulting in preservation of 
the liquid-liquid structures, fine-scaled harrisitic texture in 
the olivine gabbro and the development of feather dendrites in 
the MMG. The reasons for this rapid cooling event are discussed 
in section 7.6. 
If the MMG was indeed produced by boundary layer flow, a 
prediction of Campbell and Turner's model (1987) is that it 
should pond along the structural high points of the chamber. This 
in fact appears to be the case, at least on a local scale. The 
large sheet-like body of MMG in Dibidil occupies a culmination in 
the chamber roof. Along its upper surface the MMG body has an 
intricate lobate contact, consistent with it being superheated by 
the underlying gabbro and therefore capable of melting the 
overlying felsite. It contains Lewisian blocks, apparently 
in an advanced stage of melting; and is 
with the more Si02-rich material at the 
derived from depth, 
compositionally zoned, 
top (fig. 7.8). 
In chapter 6 it was concluded that the geochemistry of 
the HMG indicates that it formed by combined assimilation and 
fractional crystallization. For the reasons outlined in the 
previous section, Campbell and Turner (1987) argue that A.F.C. is 
not an important process in magma chambers. However, along with 
McBirney et al. (1985), they point out that where melting occurs 
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Figure 7.7. Model for the evolution of the contact zone at northwest Harris 
Bay by lateral migration of olivine gabbro magma. A. Sill - like body of 
HgO rich magma, intruded along the upper contact of the consolidated 
cumulate pile. migrates into the vertical boundary flow of HHG. B. Liquid -
liquid contacts develop at termination of sill. Note detached pillows of 
olivine gabbro and diapir and pipe - like structures of HMG. 
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Figure 7.B. Model for formation of large Di bidil MMG body. MMG is 
superheated due to rapid heat transfer across lower contact and a ssimila t es 
overlying felsite. 
at a sloping roof considerable mixing will take place between the 
basaltic magma and fused country rock. Under these conditions 
A.F.C. will operate because the basaltic liquid and country rock 
melts are not chemically isolated. Only where the hybrid melt 
ponds under the roof, as in Dibidil, are Campbell and Turner's 
objections valid. Contrary to their arguments A.F.e. must be an 
important process in most mafic magma chambers, at least in their 
early stages when insufficient hybrid magma has developed to 
decouple crystallization from assimilation. 
7.S.S. Replenishment and boundary layer flow - origin of matrix-
rich intrusion breccia 
It was shown in earlier chapters that MRIB and MMG are 
related rock types and a common origin for both was proposed. The 
two are often intimately associated and in places MRIB contains 
rounded inclusions of MMG. The main difference between them is 
that MRIB contains a diverse assemblage of mafic xenoliths with a 
wide variation in erRin ~i~p Rnrl t~~tur~. Th~~~ xenolith~ aL~ 
considered to represent the disrupted margin of the intrusion, 
formed by the mechanism shown in fig.7.9. In brief, melting of 
the roof of a chamber cannot continue indefinitely and at some 
stage the resident basalt will start to crystallize along all the 
contacts, unprotected by hybrid melt. Replenishment with picritic 
liquid would reverse this process however, causing renewed 
assimilatio~ and at the same time disaggregating the developing 
marginal rocks. 
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Figure 7.9. Model for evolution of matrix - rich intrusion breccia. A. 
Evolved basaltic magma chamber crystallizing allivalite is overlain by 
marginal microgranodiorite magma protecting roof. Assimilation continues 
along steep contact, with boundary flow of marginal microgranodiorite. B. 
Evolved basalt starts to crystallize along steep country rock contact, 
while replenishing picritic magma advances from centre of the intrusion. C. 
Picritic melt meets steep country rock contact. Renewed assimilation takes 
place with consequent disruption of developing marginal border to produce 
matrix - rich intrusion breccia. 
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7.5.6. Basaltic replenishment and migration of intercumulus 
liquid - same complicating factors 
In the preceding sections it has been shown that 
contamination of the ultrabasic complex occurred within the 
chamber. The mechanism proposed is mixing of residual basaltic 
liquid and country rock melt along the steep bounding surfaces of 
the intrusion in a manner analogous to the ice melting 
experiments of Campbell and Turner (1987). This then is a 
potentially simple contamination mechanism and might be expected 
to produce a regular pattern of isotopic variation in the 
cumulate sequences of the chamber. Detailed studies of the ELS 
clearly show this is not the case (Palacz 1984 and 1985, Palacz 
and Tait 1985, Renner and Palacz 1987). Two processes in 
particular appear to have complicated the situation. 
Troctolites of Unit 14 have some of the lowest 87SrJ86Sr 
ratios recorded on Rhum; Renner and Palacz suggest that this 
indicates replenishment of the chamber by an evolved but 
uncontaminated basalt, rather than by picrite. If this 
interpretation is correct, it suggests that the ELS was produced 
by many more than the 15 replenishment events recognised by Brown 
(1956). In a detailed study of Unit 10 Palacz and Tait (1985) 
propose that movement of contaminated intercumulus liquid may 
have significantly altered the primary isotopic profile of the 
unit. This process may also account for the along-strike decrease 
in 87srJ86sr found in the leucogabbro layer at northwest Harris 
Bay. Replenishment of the chamber with uncontaminated basaltic 
liquid would have had the effect of diluting the contaminated 
resident melt, and as shown by Renner and Palacz (1987) result in 
saw-tooth isotopic profiles. Migration of contaminated 
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intercumulus liquid on the other hand has the effect of smoothing 
out abrupt changes in isotopic ratios that occur at unit 
contacts. 
7.5.7. Summary 
Evidence presented in this section demonstrates that the 
the ultrabasic complex was contaminated by partial melts from the 
exposed country rocks, rather than by interaction at deeper 
levels in the crust. The principal mechanism involved in 
contamination of the ultrabasic complex is thought to be mixing 
of resident basaltic liquid and country rock melt during boundary 
layer flow along the margins of the chamber. 
7.6. HYDROTHERMAL CIRCULATION AND COOLING OP THE ULTRABASIC 
COMPLEX 
7.6.1. Introduction 
that the ultrabasic complex underwent large-scale exchange with 
heated, low 6180 fluids. These results indicate that convective 
circulation of meteoric water through the ultrabasic complex was 
an important means by which heat was transferred to the 
surrounding country rocks. However, in a recent palaeomagnetic 
study of the complex's thermal aureole Robinson and McClelland 
(1987) have concluded that cooling took place largely by 
conductive heat exchange. In this section the cooling history of 
the complex is discussed and a possible explanation presented for 
the apparently contradictory evidence regarding the nature of the 
heat exchange process. 
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7.6.2. Width of the contact aureole. Convective versus 
conductive heat exchange 
Mathematical modelling of heat exchange from cooling 
intrusions (Parmentier and Schedl 1981) demonstrates that the 
thermal profile within a contact aureole is controlled by the 
mode of heat transfer, whether by conduction or groundwater 
convection. Information obtained during this study, about the 
width and temperature distribution in the contact aureole around 
the ultrabasic complex, can therefore be used to assess the 
dominant mode of heat transfer from the intrusion. 
Thermometric evidence from several sources (section 
4.9.3) indicates that the maximum temperature attained in the 
country rocks along the contact was 960 ±40oC. At its widest, in 
Allt nam Ba, the high-temperature portion of the aureole, its 
outer margin defined by the onset of melting, is 40 - 45m wide 
(section 2.3.5.1). Further from the contact in the same area, at 
a distance of 70 - 150m, the first evidence of alteration in the 
Torridonian is loss of oink colouration. development of biotite 
in sandstone horizons and of biotite and muscovite in the more 
argillaceous layers (section 3.3.2.). According to Winkler 
(1979), the reaction - isograd for the formation of biotite and 
muscovite occurs at 4000 C under the pressure conditions 
prevailing in the ultrabasic aureole, i.e.250 ±100 bars (section 
4.9.3.). 
Figure 7.10 shows a distance - temperature profile for 
the aureole on which the position of the biotite - muscovite 
reaction isograde has been plotted. For comparison two 
theoretically derived curves (Parmentier and Schedl 1981) for 
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Figure 7.10. Temperature profile in the contact aureole of the ultrabasic 
complex. Graph shows temperature estimates derived by Robinson and 
MCClelland (1987), theoretical profiles for slab and vertical cylinder 
(Parmentier and Schedl 1981), and temperatures estimates obtained in this 
study. 
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conductively cooled bodies are also shown, one for a vertical 
slab of half-width 3.5Km and the other for a vertical cylinder of 
7Km diameter. The curves were calculated assuming the country 
rock temperature an infinite distance from the intrusion is oOC, 
and that the intrusion is of infinite height. It is clear from 
fig.7.10 that the temperature profile at Allt nam Ba is much 
steeper than predicted if heat loss was purely by conduction, 
and suggests instead that convective circulation of heated 
groundwater was an important process. 
In a study of the palaeomagnetism of Rhum Torridonian 
rocks Robinson and McClelland (1987) carried out a detailed NNE-
trending traverse perpendicular to the ultrabasic complex contact 
east of Meall Breac. The thermal profile obtained from this study 
lies between the conductive heat transport curves for a vertical 
slab and cylinder (fig. 7.10). Robinson and McClelland suggest 
that this indicates cooling was dominantly by conduction, rather 
than groundwater convection. They also point out that 
Torridonian sandstones are highly impermeable, and that oxygen 
isotope data collected by Forester and Harmon (1983) indicate 
that groundwater circulation was restricted to a narrow region 
less than 0.5km wide coincident with the MRF. 
The temperature profile of an aureole is strongly 
influenced by the intrusion's shape and the orientation of its 
contacts (Parmentier and Sched1198l). At Allt nam Ba the 
contact is generaly vertical (section 2.3.4), and the aureole's 
temperature 
theoreticaly 
profile 
derived 
can thus be usefully compared 
curves. Along the ultrabasic 
with the 
complex's 
northern margin, however, from Long Loch to Cnapan Breaca, there 
is strong field evidence that the contact is shallowly dipping 
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(sections 2.3.4. and 2.9). Thus in the Priomh Lochs area 
peridotite plugs and tongues may well be joined at depth (section 
7.3.5.3.), and at Cnapan Breaca a shallow-dipping (10_20 0 NE) 
roof pendant is preseved. Thus the high temperatures obtained in 
this area, compared to those at Allt nam Ba, may be the result of 
a shallow ,northwards extending, subsurface continuation of the 
ELS. 
The idea that significant g180 depletions are restricted 
to a narrow zone coincident with the MRF (Forester and Harmon 
1983) is clearly not consistent with the oxygen isotope data 
obtained during this study (section 6.4, fig. 6.5). Thus 
granophyre R40, collected over 2km from the MRF, has 0180 value 
of +0.47, and Torridonian sandstone R66 at Inbhir Gil, over lkm 
from the MRF, a value of +1.41. Taylor (1987), in a discussion of 
groundwater pe~eability at the margins of gabbroic intrusions, 
points out that rocks with low laboratory-measured 
pe~eabilities, such as the Torridonian, often have high in ~ 
pe~eabilities due to the presence of abundant open fractures. 
The country rocks into which the ultrabasic complex were emplaced 
were already highly disrupted due to the earlier phase of 
Tertiary pyroclastic activity (Emeleus et al. 1985). Evidence 
presented in section 7.3. demonstrates that the country rocks 
were further defo~ed during intrusion of the ultrabasic complex. 
Contrary to the suggestion made by Robinson and MCClelland 
(1987), country rock permeability around the complex was 
probably high, and heat loss dominated by hydrothermal 
circulation of groundwater. 
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7.6.3. Ingress of groundwater - development of 
dendritic texture I in the contact Buite 
skeletal and 
A characteristic feature of rock types along the contact 
is the development of textures indicating high degrees of 
supercooling. ~hus in HMG orthopyroxene and its pseudomorphs 
occur either as acicular or dendritic forms; and plagioclase in 
HMG and MRIB have a skeletal box habit. Partially melted Lewisian 
xenoliths in the Dibidil HMG body contain areas of devitrified 
glass and small box-shaped plagioclases, while orbicular 
Torridonian often contains acicular or dendritic orthopyroxenes. 
At Harris Bay ultrabasic rocks are found at the contact which 
preserve primary skeletal olivine morphology lost elsewhere due 
to subsolidus re-equilibration. 
These textures indicate that after initially attaining 
temperatures sufficient to fuse low melting point country rocks, 
the contact zone underwent a stage of rapid cooling. As discussed 
earlier, the intrusion was at a high level and as it expanded in 
volume the country rocks suffered considerable deformation Bnd 
fracturing. This would cause increased country rock permeability 
and allow meteoric water to penetrate further towards the contact 
zone. Failure of the roof as may have taken place on Beinn nan 
Stac might be followed by massive ingress of groundwater and 
cause the boundary layer of the intrusion to quench. This process 
would cause brecciation along the contact, and may in part be 
responsible for development of large-fragment breccia. 
Replenishment of the chamber with a new influx of magma 
would reverse this process, dehydrating the country rocks and 
causing renewed crustal fusion. The ingress of groundwater into 
the margin of the intrusion may have been a cyclical process, 
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occurring repeatedly as the chamber expanded. A process similar 
to that outlined here has been put forward by Hildreth et al, 
(1984) to account for the 6180-depleted silicic lavas found in the 
Yellowstone caldera. These were erupted during two periods, both 
immediately postdating 
mechanism by which 
major 
such 
caldera collapse events. The 
6180-depleted magmas form is 
controversial, Hildreth et al, (1984) invoke direct ingress of 
groundwater into melt, while Taylor (1987) favours assimilation 
of 6180-depleted roof-rocks. 
7.6.4. Summary 
Oxygen isotope data, and the temperature profile of the 
contact aureole at Allt nam Ba demonstrate that hydrothermal 
convection of groundwater was the dominant means of heat transfer 
from the cooling ultrabasic complex. Groundwater circulation was 
facilitated by a fracture network inherited from earlier phases 
of Tertiary activity, and by deformation accompaning intrusion of 
the ultrabasic complex. Most of the rock types of the contact 
zone have textures formed under conditions of rapid cooling, this 
process may be the result of major ingresses of groundwater 
associated with syn-emplacement deformation of the country rocks. 
7.7. HISTORY OP BVEHTS 
The important events in the development of the 
ultrabasic complex, discussed in previous sections of this 
chapter, are summarized here in chronological order. 
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1. Experimental studies suggest that the picritic liquids 
parental to the ultrabasic complex would have been produced by 
partial melting of upper mantle peridotite at minimum depths of 
between 70 -100 Km (Green and Ringwood 1967, O'Hara 1968, Wyllie 
1971,1980). Batches of these parental liquids would then have 
risen from their source regions through the upper mantle and 
ductile lower crust as diapirs (Kushiro 1980, Bott and Tantrigoda 
1987). Because of the refractory nature of the lower crust melts 
remained essentially uncontaminated. 
2. At 
ponded, 
the lower crust - upper crust boundary magma 
forming sill-like bodies and crystallized due 
lower density of the overlying rocks. 
batches 
to the 
3. The process outlined in 2 continued so that a cylinder of 
cumulate rocks propagated upwards through the crust. The locally 
increased 1ithostatic load allowed dense pieri tic melts to rise 
to less than 1 km below the Tertiary land surface. Because 
pieri tic magmas rising through the cumulate cylinder were only in 
contact with refractory mafic wall-rocks they remained 
uncontaminated prior to emplacement within the exposed country 
rocks on Rhum. 
4. Prior to emplacement of the u1trabasic complex, Tertiary 
pyroclastic activity resulted in major disruption of the country 
rocks on Rhum. Fractures in the country rocks formed during this 
process were utilised by circulating groundwater associated with 
cooling of the ultrabasic complex. 
5. The currently exposed ultrabasic complex formed as a series 
of sill-like magma pulses along the contact between the cumulate 
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cylinder and the overlying crustal rocks. Space for the intrusion 
was created by upward deflection of the overburden. 
6. Heat loss at the margins of the complex resulted in partial 
melting of the country rocks. Mixing of country rock melt and 
residual basaltic liquid occurred during boundary layer flow 
along the margins of the chamber, and melts produced during this 
process crystallized to produce MMG. Because of their relatively 
low density MMG melts ponded along local culminations in the 
chamber roof, at i.e. Dibidil and Cnapan Breaca. Larger volumes 
of MMG than are now exposed may once have formed a thick layer 
overlying the ultrabasic complex. 
7. Replenishment of the chamber with uncontaminated MgO-rich 
magmas and production of MMG melt took place simultaneously. This 
is demonstrated at Harris Bay where liquid - liquid contacts 
between olivine gabbro and MMG - leucogabbro are preserved. 
8. Growth of the intrusion was accompanied by deformation of the 
country recks, in some placp.s thiR tnnk thp fC)r\ll nf (,At£lCltrorhic 
failure of the overburden, as at Beinn nan Stac where the 
chamber roof slid off the intrusion. Deformation of the 
overburden increased its permeability, allowing groundwater to 
penetrate into the contact zone of the chamber. This process 
resulted in rapid crystallization with the development of quench 
textures, which are a ubiquitous feature of all lithologies of 
the contact suite. 
9. A fresh replenishment with MgO-rich magma would have 
reversed the process outlined in 8, resulting in brecciation of 
any developing marginal border group. Renewed partial melting of 
the country rocks would also have occurred; MRIB which shows many 
similarities to MMG may have formed during this process. Large-
fragment breccias may also have developed at this stage, but 
further from the ultrabasic complex contact, where country rock 
melts experienced lower degrees of mobilization. 
10. In the final stages replenishment with MgO-rich magma would 
have ceased and the ultrabasic complex would have cooled from the 
margins 
through 
inwards. Because of massive groundwater circulation 
the contact zone, the margin rapidly cooled to ambient 
temperatures preserving original igneous textures lost elsewhere 
in the intrusion due to slow subsolidus reequilibration. 
7 • 8. FUTURE WORK 
The results of this study suggest that a number of new 
avenues of research could yield important information relating 
specifically to the development of the ultrabasic complex, and 
also to the ascent, storage, and contamination of mafic magmas in 
the continental crust. 
1. Country rocks surrounding the Rhum Tertiary central complex 
experienced multi-phase deformation, both prior to, and during 
emplacement of the ultrabasic complex. Detailed work is now 
required to construct a chronological sequence for these 
deformation events, and to distinguish those structures formed by 
emplacement of the ultrabasic complex from those formed during 
earlier Tertiary activity. A key area to such a study would be 
the Fiachanis region, which contains the best exposure of the 
Lewisian - ultrabasic complex contact on the island, and has 
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remained unmapped since the original work of Harker (1908). 
2. All recent isotopic studies carried out on the ultrabasic 
complex have concentrated on detailed examination of the ELS. 
These have revealed complex patterns of contamination which the 
results of this study suggest were produced by in situ 
interaction with the exposed wall-rocks. Recent geological 
investigations (Emeleus 1987) demonstrate that the CS is a late 
transgressive body intruded between the ELS and WLS, its wall-
rocks are therefore refractory in composition and 
the series should be essentially uncontaminated. 
consequently 
A detailed 
isotopic and structural investigation of the CS would provide a 
means of testing the in situ contamination hypothesis developed 
in this thesis, and might also provide information about deeper-
level contamination processes. 
3. Field mapping carried out during this study clearly 
demonstrates that the ullrabasic complex continues for large 
distances beneath the cover of older rocks. There would appear to 
be two major subsurface continuations of the complex, one under 
the Southern Mountains. and a second north of the MRF, possibly 
extending as far as the Sgaorishal peridotite plug. A third, 
westwards continuation beneath the Western Granophyre. is also a 
distinct possibility. To evaluate these proposals. and thereby 
gain a better understanding of the three-dimensional geometry of 
the intrusion. information from several different sources needs 
to be collected. Firstly. detailed gravity and magnetic studies 
should be undertaken. Secondly, a series of palaeomagnetic 
traverses of the type carried out by Robinson and McClelland 
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(1987) could be conducted to produce a contoured temperature 
distribution map of the thermal aureole. Thirdly, a detailed 
mineralogical investigation of the ultrabasic complex's contact 
aureole should be carried out, the results of this study would 
complement those of the paleomagnetic work. 
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CONCLUSIONS 
The principal conclusions of this study are: 
1. The chamber developed in situ and was not tectonically 
emplaced as previously suggested. 
2. Layered rocks can be traced to within a few metres of the 
partially melted country rock and are not separated from the 
country rock by a later marginal gabbro. 
3. The Dibidil valley is not underlain by a late "eucritic 
body· but represents a southwards extension of the ELS. and is 
composed of conformable peridotite and allivalite sheets. 
4. Layering on Rhum formed within a magma chamber of high 
aspect ratio which was periodically replenished by 
variable MgO content. These magmas were 
magmas of 
essentially 
uncontaminated by crustal materials prior to emplacement because 
of the refractory nature of the wall-rocks with which they were 
in contact during ascent from their source region in the upper 
mantle. 
5. Samples of these parental liquids are preserved locally at 
Harris Bay. 
6. The chamber was contaminated in situ by melts derived from 
the local country rocks. These melts mixed with residual 
basaltic liquid during boundary layer flow along the margin of 
the intrusion. 
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7. Combined 
contamination 
intrusions. 
assimilation and fractional crystallization is a 
process of major importance in some basic 
8. Cooling of the intrusion was enhanced by convective 
circulation of groundwater. 
9. Syn-emplacement deformation of the country-rocks and local 
collapse of the chamber roof caused repeated ingress of 
groundwater into the contact zone. This process led to the 
development of quench textures which are a characteristic 
feature of all rock types along the contact. 
10. Linear breccia zones found in Torridonian rocks to the 
north of the ultrabasic complex are the surface expression of 
buried peridotite plugs. 
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APPENDIX ONE 
FULL LISTING OF WHOLE-ROCK MAJOR AND TRACE ELEMENT ANALYSES 
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Sample RUH1 RUM2 RUI13 RUM4 RUH5 RUH6 RUl17 RUM8 
Si02 71.21 lI7.lI8 63.lI4 . 47.49 45.56 75.86 51.98 58.70 
Ti02 0.47 1.51 0.73 1.62 1.68 0.21 1.21 1.01 
A1203 13.29 15.37 15.62 18.00 16.11 12.39 15.31 14.35 
Fe203 lI.66 10.76 2.65 10.17 11. 81 2.46 10.71 3.30 
FeO n.d. n.d. 3.02 n.d. n.d. n.d. n.d. 5.00 
MnO 0.08 0.17 0.08 0.14 0.16 0.04 0.16 0.12 
MgO 0.29 7.90 2.64 5.12 8.89 0.05 7.67 4.94 
CaO 1.54 12.31 4.66 12.111 11.07 0.66 9.85 6.49 
Na20 4.17 2.06 4.33 2.99 1.61 3.40 2.67 3.15 
K20 3.74 0.18 1.86 0.32 0.21 4.25 0.35 1. 61 
P205 0.10 0.18 0.21 0.18 0.17 0.01 0.15 0.21 
Loss 0.20 1.00 0.40 2.20 2.60 0.20 0.00 0.20 
TOTAL 99.95 99.05 99.81 100.50 100.02 99.71 100.20 99.26 
Nb 10 1 4 2 3 8 4 6 
Zr 425 83 196 89 86 421 115 201 
Y 51 18 21 20 20 43 24 30 
Sr 156 237 412 402 267 75 2211 267 
Rb 129 0 38 0 0 126 1 lI1 
Th 9 3 10 2 4 10 5 8 
Pb 19 10 16 13 12 20 9 13 
Zn 64 81 62 59 83 47 75 76 
Cu 25 126 32 88 153 20 79 82 
Ni 13 112 41 65 215 9 110 90 
Cr 0 218 64 128 310 0 273 191 
V 18 344 99 320 306 9 270 162 
Ba 873 36 560 55 60 880 179 494 
Hf 1 1 1 5 2 3 14 1 3 
Ce 124 14 69 6 0 102 47 68 
La 54 0 23 0 0 55 0 21 
Sample RUM9 RUM10 RUM11 RUM13 RUM14 RUM15 RUM16 RUM17 
Si02 42.09 49.14 43.96 65.39 47.73 51.29 511.22 46.66 
Ti02 0.09 1.38 1.93 0.95 1.25 2.24 2.03 1.38 
Al203 5.37 14.116 15.21 14.40 11.70 15.26 13.94 16.06 
Fe203 10.45 11.92 12.40 6.01 11.80 2.99 12.53 11.35 
FeO n.d. n.d. n.d. n.d. n.d. 6.81 n.d. n.d. 
MnO 0.17 0.17 0.19 0.09 0.17 0.14 0.22 0.17 
MgO 34.54 9.61 5.51 1.29 14.24 6.06 3.47 8.96 
CaO 5.61 10.89 11.68 2.62 8.63 8.78 7.19 11.39 
Na20 0.00 2.20 2.28 5.94 1.45 4.25 3.93 2.18 
K20 0.05 0.36 0.59 1.27 0.81 0.53 1.02 0.15 
P205 0.01 0.14 0.29 0.26 0.16 0.34 0.58 0.20 
Loss 1.00 0.00 5.lIO 1.20 1.40 0.20 0.40 1.40 
TOTAL 99.69 100.43 99.62 99.60 99.57 99.07 99.68 100.03 
l~b 0 0 2 10 0 4 8 0 
Zr 0 79 110 447 111 379 314 87 
y 2 20 29 54 23 37 72 21 
Sr 66 224 388 227 187 334 216 264 
Rb 0 0 0 24 15 3 31 0 
Th 4 0 0 6 0 3 1 1 
Pb 2 8 10 1 1 7 4 13 4 
Zn 56 80 87 73 76 66 155 73 
eu 50 195 89 24 122 84 44 148 
Ni 1716 225 146 14 538 102 22 146 
Cr 1104 392 258 20 854 205 23 189 
V 55 301 355 80 217 336 183 320 
Ba 6 117 277 639 173 205 275 78 
Hf 0 3 .3 1 1 1 8 6 3 
Ce 0 0 0 111 0 55 80 0 
La 0 1 14 44 0 5 8 0 
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Sample Rmn8 RUH19 RUH20 HUH21 RUH22 RUH23 RUl124 RUH25 
Si02 71.71 48.14 71.28 66.25 48.36 48.25 50.11 47.47 
Ti02 0.42 1.55 0.50 0.70 1. 11 1.28 1. 61 1.28 
A1203 13.11 15.83 13.09 14.27 18.70 17.19 15.38 11. 68 
Fe203 4.36 12.16 4.92 6.65 3.87 10.59 11.45 12.16 
FeO n.d. n.d. n.d. n.d. 5.44 n.d. n.d. n.d. 
HnO 0.08 0.13 0.09 0.11 0.14 0.16 0.16 0.18 
MgO 0.19 7.30 0.49 0.67 6.91 7.23 6.93 16.60 
CaO 1.40 13.49 1.62 2.45 13.24 12.80 11. 65 8.31 
Ha20 4.37 2.06 3.96 4.50 1.93 2.06 2.77 1. 32 
K20 3.85 0.19 3.54 3.06 0.20 0.32 0.40 0.40 
P205 0.10 0.08 0.14 0.19 0.11 0.16 0.20 0.13 
Loss 0.40 0.00 0.20 0.60 0.00 0.00 0.00 0.20 
TOTAL 100.19 101.04 100.03 99.65 100.11 100.15 100.78 99.97 
Hb 10 0 12 15 0 a a 0 
Zr 382 17 370 457 61 79 131 88 
Y 54 16 54 60 16 21 34 19 
Sr 143 276 176 184 298 273 251 224 
Rb 115 0 108 go 0 5 a a 
Th 8 2 14 8 7 15 0 0 
Pb 15 7 14 23 10 11 12 7 
Zn 82 50 89 108 53 66 69 87 
Cu 22 69 11 28 95 106 46 193 
Ni 9 90 13 1 1 81 81 19 665 
Cr 0 86 a a 154 146 121 756 
V 17 427 18 22 263 283 335 200 
Ba 968 66 945 851 10 34 119 122 
Hf 10 1 8 10 1 2 2 3 
Ce 111 a 126 135 0 0 42 0 
La 9 0 52 41 0 0 0 0 
Sample RUH27 RUM28 RUH29 RUl-130 RUJ.131 RUH33 RUM34 RUH35 
Si02 69.01 50.18 69.15 50.83 69.81 46.83 12.28 49.42 
Ti02 0.63 1.82 0.64 1.29 0.60 0.81 0.44 1.61 
A1203 13.99 14.69 13.94 16.74 13.81 17.10 13.16 14.55 
Fe203 4.91 11.40 5.00 9.43 2.24 9.85 2.14 11.39 
FeO n.d. n.d. n.d. n.d. 2.34 n.d. 1.96 n.d. 
MnO 0.08 0.18 0.09 0.14 0.09 0.14 0.08 0.18 
/1g0 1.42 7.46 1. 38 6.74 1.49 10.40 0.58 7.35 
CaO 2.01 9.74 2.16 9.45 1.95 12.67 1.40 13.29 
Na20 3.93 2.56 3.99 3.00 3.98 0.83 3.90 2.33 
[20 3.34 0.80 3.37 0.82 3.43 0.11 3.72 0.23 
P205 0.20 0.20 0.11 0.21 0.16 0.05 0.12 0.06 
Loss 0.20 0.60 0.60 1.40 1.40 1.40 0.00 0.40 
TOTAL 100.09 99.80 100.68 100.20 101 .50 100.30 100.00 100.94 
Nb 10 2 10 1 9 0 11 0 
Zr 342 145 352 117 353 30 406 37 
y 43 30 46 20 42 12 58 16 
Sr 207 256 215 343 206 178 145 275 
Rb 100 22 98 10 99 0 117 0 
Th 15 2 7 a 9 8 11 5 
Pb 23 5 17 9 18 7 19 9 
Zn 95 108 83 72 94 52 94 67 
Cu 24 101 25 88 25 137 24 106 
Ni 19 153 21 127 34 227 12 74 
Cr 13 288 18 195 78 226 25 169 
v 51 331 54 252 44 218 19 432 
Ba 819 206 780 203 784 0 969 69 
Hf 8 3 8 3 9 a 16 3 
Ce 108 30 113 51 113 a 149 23 
La 34 0 50 0 43 a 75 a 
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Sample RUH36 RUH37 Ru/138 RUt-l39 RUt-l40 RUI,;41 RUH42 RUH4 l1 
Si02 68.70 46.85 42.42 45.68 72.31 52.06 47.56 63.94 
Ti02 0.79 1. 76 0.52 0.73 0.43 2.57 1.86 1. 16 
A1203 13 .57 15.14 6.71 8.39 13.09 13.11 14.50 11;.05 
Fe203 5.87 12.26 13.58 13.17 4.26 13.68 13.10 7.18 
FeO n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. 
MnO 0.10 0.18 0.20 0.19 0.07 0.18 0.21 0.11 
t-lg0 1.22 10.39 30.34 25.08 0.21 6.24 7.24 1.95 
CaD 2.58 10.82 4.70 5.54 1.24 7.71 11.34 3.63 
1~a20 3.89 2.80 1.23 1.10 4.08 3.48 2.59 3.70 
K20 3.24 0.34 0.16 0.38 3.86 0.63 0.40 2.911 
P205 0.18 0.16 0.05 0.09 0.07 0.26 0.20 0.21 
Loss 0.00 0.20 0.00 0.00 0.00 0.60 1.00 0.60 
TOTAL 100.33 101.06 100.31 100.70 99.83 100.73 100.14 99.66 
Nb 9 1 0 0 12 5 1 10 
Zr 319 123 24 60 368 255 107 337 
y 40 23 8 13 53 111 2lJ lJ6 
Sr 205 300 104 117 136 253 2311 2117 
Rb 92 0 0 1 118 111 0 82 
Th 16 0 1 0 1 1 7 6 9 
Pb 13 10 8 6 17 211 19 13 
Zn 72 72 76 83 77 106 103 80 
Cu 32 103 66 81 22 145 189 50 
Ni 15 264 1427 1180 8 136 68 16 
Cr 1 385 2074 1648 0 178 158 0 
V 53 305 123 165 17 503 447 113 
Ba 832 19 47 103 1011 260 53 752 
Hf 12 1 0 a 11 4 2 8 
Ce 136 35 0 a 146 123 1 79 
La 57 0 0 a 59 12 0 34 
Sample RUH45 RUH1I6A RUM1I6B RUM1I7 RUM48 RUM49 RUM50MX RUMSOFM 
Si02 lJ3.89 65.68 69.18 53.12 71.28 71. 36 50.09 67.61 
Ti02 1.17 0.77 0.65 2.01 0.69 0.42 1. 76 0.84 
A1203 10.68 1lJ.58 13.61 13.91 13.23 13.25 14.88 14.14 
Fe203 3.07 3.53 2.73 11.18 4.88 4.31 11.69 7.08 
FeO 8.03 2.58 2.17 n.d. n.d. n.d. n.d. n.d. 
MnO 0.18 0.11 0.09 0.15 0.08 0.08 0.17 0.09 
MgO 19.82 1.62 1.13 6.38 0.73 0.48 7.79 0.70 
CaO 8.27 3.01 1.72 8.08 1.68 1. 1 5 10.68 2.65 
Na20 0.46 3.70 3.31 3.01 4.17 3.49 2.43 11.07 
K20 0.57 2.91 3.62 0.91 3.08 3.83 0.72 3. 03 
P2QS 0.14 0.23 0.17 0.17 0.20 0.03 0.21 0.26 
Loss l.lJO 1.00 0.80 1.20 0.20 1.00 0.00 0.00 
TOTAL 97.96 99.92 99.38 100.28 100.40 99.61 100.58 100.67 
Nb 0 8 10 2 9 14 3 9 
Zr 64 301 lJ03 154 332 489 131 365 
y 14 45 50 40 36 54 22 40 
Sr 178 252 178 209 191 104 2B3 254 
Rb 6 78 116 17 84 118 13 811 
Th 0 8 13 6 13 1 1 7 1 1 
Pb 5 16 14 12 12 18 17 19 
Zn 65 109 79 102 65 89 105 92 
Cu 89 24 25 71 22 24 130 26 
Ni 793 21 17 123 1 1 12 137 23 
Cr 1217 46 13 208 0 0 213 0 
V 233 69 56 352 26 13 349 32 
Ba 89 853 804 226 850 959 124 899 
Hf 2 4 5 0 6 10 2 6 
Ce 0 100 136 48 102 128 42 100 
La a 118 52 4 52 63 0 44 
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Sample 78GRTE1 78GRTE2 RUM51 RUI-£2 RUl153 RUM54 RUM55 RUM56 
Si02 71. 70 72 .32 66.01 67.37 70.09 70.52 71 .11 66.47 
Ti02 0.20 0.20 0.70 0.70 0.14 0.65 0.67 0.72 
Al203 14.68 14.67 14.76 14.43 16.47 13.35 12.94 14.32 
Fe203 1.68 1.68 5.57 2.66 0.72 4.63 4.62 2.47 
FeD n.d. n.d. n.d. 2.13 0.32 n.d. n.d. 2.44 
MnO 0.05 0.05 0.10 0.09 0.01 0.09 0.09 0.09 
MgO 0.57 0.69 1.88 1.52 0.28 0.81 0.54 1.98 
CaO 1. 19 1. 19 3.00 2.25 3.10 1. 75 1. 70 2.73 
Na20 2.34 3.24 3.93 3.99 4.65 3.95 4.31 4.05 
K20 5.12 5.11 2.59 3.17 2.30 3.25 3.29 2.68 
P205 0.14 0.12 0.16 0.17 0.01 0.13 0.13 0.18 
Loss 0.80 0.80 1.40 1.20 1.40 0.80 0.20 1.60 
TOTAL 98.47 100.07 100.31 99.88 99.60 100.06 99.72 99.92 
Nb n.d. n.d. 0 0 n.d. n.d. n.d. 0 
Zr n.d. n.d. 339 359 n.d. n.d. n.d. 333 
y n.d. n.d. 44 50 n.d. n.d. n.d. 42 
Sr n.d. n.d. 301 258 n.d. n.d. n.d. 277 
Rb n.d. n.d. 64 96 n.d. n.d. n.d. 72 
Tn n.d. n.d. 7 8 n.d. n.d. n.d. 9 
Pb n.d. n.d. 13 15 n.d. n.d. n.d. 11 
Zn n.d. n.d. 83 77 16 85 82 69 
Cu n.d. n.d. 23 16 10 12 8 12 
Ni n.d. n.d. 28 28 5 10 2 28 
Cr n.d. n.d. 184 98 0 67 0 182 
V n.d. n.d. 70 65 24 33 31 67 
Ba n.d. n.d. 810 793 979 905 936 73li 
Hf n.d. n.d. 8 9 3 8 10 9 
Ce n.d. n.d. 111 116 10 103 125 61 
La n.d. n.d. 41 46 li 45 54 39 
Sample RUM57 RUM58 RUM59 RUM60 RUM61 RUM62 RUM63 RUM64 
Si02 50.47 63.83 51.80 li9.28 72.53 58.50 81.li6 51.47 
Ti02 1.31 0.63 2.29 1.42 0.93 l.liO 0.33 1 .16 
A1203 15.53 14.89 14.26 16.13 12.38 13.51 8.57 14.98 
Fe203 3.01 5.30 13.57 11.43 4.81 9.07 1.8li 9.57 
FeD 5.76 n.d. n.d. n.d. n.d. n.d. n.d. n.d. 
MnO 0.14 0.10 0.16 0.17 0.05 0.12 0.03 0.14 
MgO 7.28 3.45 5.00 8.13 1. 12 5.60 0.97 8.3li 
CaD 12.27 4.56 8.11 11.65 0.28 7.85 0.77 12.24 
Na20 2.55 3.42 3.07 2.28 3.13 2.28 2.13 2.03 
K20 0.li2 2.20 0.9li 0.22 3.80 1.50 3.05 0.52 
P205 0.16 0.15 0.22 0.10 0.09 0.17 0.03 0.08 
Loss 1.20 1. 70 1.30 0.00 0.90 0.00 0.60 0.10 
TOTAL 100.25 100.39 100.91 100.95 100.23 100.15 99.89 100.77 
Nb 0 0 0 0 0 0 0 0 
Zr 122 273 229 110 578 187 131 9li 
y 19 35 33 16 51 27 23 16 
Sr 299 283 297 268 110 237 80 268 
Rb 9 63 24 0 129 39 80 13 
Th 1 7 4 0 11 1 3 0 
Pb 4 10 6 5 16 1 li 2 
Zn 63 66 71 58 29 58 17 56 
Cu 108 26 205 76 4 53 14 116 
Ni 84 44 102 119 18 69 31 120 
Cr 341 114 51 286 31 162 46 333 
V 279 82 50li 309 79 25li li9 270 
Ba 121 547 281 97 853 294 5li9 81 
Hf 2 7 5 0 16 4 5 1 
Ce 36 53 38 32 90 59 57 17 
La 0 27 3 0 44 6 8 0 
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Sample RUH65 RUM66 RUM67 RUM68 RUM69 RUH70 RUM71 RUM72 
Si02 58.81 79.16 76.511 79.60 61.08 47.13 57.67 51.81 
Ti02 1.98 0.57 0.86 0.37 1.27 1.45 0.23 0.95 
A1203 14.1I6 10.29 10.1I1 10.18 13.88 16.09 21.67 14.35 
Fe203 9.72 1.30 3.73 2.05 2.1I3 11.32 1. 76 11.03 
FeO n.d. 1.32 n.d. n.d. 5.49 n.d. 2.31 n.d. 
MnO 0.14 0.01l 0.07 0.05 0.12 0.17 0.05 0.17 
MgO 3.76 1.13 0.95 0.50 3.53 8.28 3.25 9.46 
CaO 5.41 0.14 0.81 0.24 5.70 10.77 8.61 10.95 
Na20 3.53 2.23 2.43 2.48 3.12 2.55 4.01 1. 87 
K20 2.18 3.53 3.1I6 3.86 1. 74 0.49 0.49 0.13 
P205 0.36 0.02 0.10 0.05 0.15 0.17 0.07 0.07 
Loss 0.30 0.80 0.80 0.40 1.00 2.20 0.40 0.00 
TOTAL 100.83 100.68 100.33 99.92 99.67 100.77 100.62 100.94 
Nb a a 0 a a 0 0 0 
Zr 188 242 408 214 225 124 124 61 
y 46 39 50 33 37 19 8 13 
Sr 316 92 "9 106 203 384 560 299 
Rb 64 106 97 106 66 5 12 1 
Th 2 12 12 7 9 a 0 a 
Pb 9 7 14 14 4 a 3 a 
Zn 76 18 38 26 66 70 45 74 
Cu 31 8 5 9 67 80 8 113 
Ni 16 12 13 7 63 131 49 187 
Cr 32 1 1 28 4 121 224 54 401 
v 218 44 80 50 227 283 47 265 
Ba 643 808 656 771 398 138 106 83 
Hf 3 7 12 6 4 2 3 a 
Ce 84 57 98 62 94 2 10 0 
La 34 17 54 14 18 0 0 0 
Sample ROM73 RUM74 RUM75 RUM76 RUM77 RUM78 RUM79 RUMBO 
S102 1I3.35 50.89 69.09 43.35 76.1I2 65.90 57.74 44.60 
T102 0.50 1.411 0.59 1.03 0.24 1.05 2.06 1.46 
A1203 8.37 14.68 11.44 9.34 12.14 14.52 13.71 11.94 
Fe203 11.07 11.07 1.06 3.46 2.44 6.07 4.00 4.19 
FeO n.d. n.d. 3.94 10.40 n.d. n.d. 5.86 7.55 
MoO 0.17 0.16 0.08 0.22 0.07 0.11 0.15 0.17 
MgO 28.01 8.21 5.60 22.02 0.28 1.47 3.53 16.38 
CaO 6.43 10.58 3.10 7.24 0.36 2.83 5.71 9.08 
Na20 0.90 2.09 2.55 1.40 3.02 4.46 4.35 1.24 
K20 0.09 0.51 1.96 0.22 4.99 3.12 0.83 0.70 
P205 0.07 0.18 0.08 0.17 0.01 0.25 0.23 0.13 
Loss 1.40 0.00 0.00 0.00 0.10 0.50 1.60 1.80 
TOTAL 100.66 100.01 99.66 99.17 100.20 100.50 99.93 99.54 
Nb 0 0 0 0 0 0 0 0 
Zr 32 130 217 80 546 461 208 120 
Y 8 23 31 11 36 52 50 18 
Sr 84 294 106 177 11 231 262 232 
Rb 0 1 1 76 3 137 89 29 13 
Th 0 0 6 a 6 4 6 2 
Pb 0 3 6 2 34 9 3 6 
Zn 57 84 39 88 114 93 99 72 
Cu 69 101 72 103 8 23 29 107 
N1 1541 139 194 731 6 1 1 26 655 
Cr 1043 643 293 1700 0 27 37 1395 
v 153 306 113 228 20 89 311 280 
Ba 0 199 424 42 40 886 398 go 
Hf 0 2 6 1 16 13 5 2 Ce 0 30 59 0 198 115 109 0 
La 0 1 22 0 121 47 23 0 
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Sample RUI181 RU1182 RUH83 RUM84A RUH84B RUH85A RUH86 nm·187 
Si02 60.55 50.20 45.23 71.67 68.22 70.14 49.28 65.33 
Ti02 1.65 2.09 1. 70 0.51 0.86 0.69 1.96 1. 10 
A1203 14.40 14.37 13.13 12.98 13.68 13.46 14.76 14.44 
Fe203 3.77 4.69 4.31 2.90 2.64 4.96 12.17 6.12 
FeO 4.89 7.13 7.69 1.49 2.36 n.d. n.d. n.d. 
MnO 0.12 0.17 0.18 0.07 0.09 0.09 0.16 0.1 1 
HgO 2.90 6.70 12.85 0.41 1.02 1.00 7.68 1.22 
CaO 4.46 10.75 10.77 1.40 2.29 1.91 10.85 2.61 
Na20 3.82 2.53 0.96 4.14 4.28 3.87 2.63 4.61 
K20 1.94 0.39 1. 1 6 3.69 3.18 3.64 0.57 3.03 
P205 0.08 0.20 0.17 0.12 0.20 0.19 0.22 0.25 
Loss 0.80 0.20 0.00 0.30 0.90 0.30 0.10 0.60 
TOTAL 99.58 99.58 98.40 99.87 99.91 100.45 100.55 99.64 
Nb 0 0 0 0 0 0 0 0 
Zr 338 202 126 404 444 385 181 520 
y 48 31 24 63 61 67 28 63 
Sr 260 277 223 152 194 181 278 226 
Rb 50 10 30 94 98 108 15 73 
Th 5 0 2 10 6 15 0 4 
Pb 6 2 7 8 10 16 3 13 
Zn 83 79 65 70 78 83 79 83 
Cu 15 120 122 7 15 13 136 5 
Ni 21 89 420 4 9 9 125 6 
Cr 43 236 957 0 18 16 326 17 
V 235 400 326 11 55 47 331 90 
Ba 766 99 128 899 787 801 129 906 
Hf 7 3 2 8 8 11 2 1 1 
Ce 68 71 14 112 117 144 41 136 La 29 0 5 57 48 54 0 44 
Sample RUM88 RUM89 RUM90 RUM91 RUM92 RUl193 RUM94 RUI-195 
Si02 52.67 69.93 68.61 66.33 47.95 54.89 46.90 52.66 
Ti02 1. 73 0.73 0.73 0.75 1.35 1.88 0.92 2.03 
A1203 14.77 13.43 13.78 13.48 16.09 13.90 11.55 14.44 
Fe203 10.70 4.94 4.86 5.88 11.37 4.07 4.58 4.00 
FeO n.d. n.d. n.d. n.d. n.d. 5.51 7.90 6.86 
MnO 0.15 0.08 0.07 0.10 0.17 0.14 0.18 0.14 
MgO 6.92 1.43 1. 35 2.15 8.94 4.44 15.89 5·73 
CaO 9.60 2.11 2.37 3.54 12.42 7.32 8.50 8.70 
Na20 3.10 3.77 3.88 3.70 2.02 3.95 1.43 3.42 
K20 0.57 3.53 3.25 2.73 0.34 1.28 0.51 0.86 
P205 0.20 0.14 0.18 0.10 0.13 0.25 0.09 0.26 
Loss 0.00 0.00 0.40 1.00 0.00 1.00 0.60 0.80 
TOTAL 100.60 100.29 99.67 99.94 100.91 98.80 99.33 100.08 
Nb 0 0 0 0 0 0 0 0 
Zr 238 418 402 362 104 195 76 198 
Y 32 61 55 55 16 45 18 43 
Sr 282 185 201 153 244 229 137 253 
Rb 21 115 94 76 14 35 11 30 
Th 5 11 10 5 0 1 0 1 
Pb 5 17 14 8 0 6 0 5 
Zn 104 80 71 74 57 91 82 101 
eu 94 16 15 31 122 58 113 77 
Ni 136 10 9 35 112 42 606 77 
Cr 372 15 25 84 304 115 1436 157 
V 324 47 56 80 298 309 202 434 
Ba 241 803 821 676 29 486 137 280 
Hf 5 10 9 10 0 3 1 3 
Ce 55 129 99 75 0 78 4 85 
La 19 54 52 45 0 11 12 16 
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Sample RUH96 RUH97 RUH99 78GRTE 7ElQD1 RUH101 RUI:102 RUl-;1 03 
Si02 51.02 72 .58 44.10 72.81 48.83 63.30 66.89 69.93 
Ti02 2.20 0.52 1. 01 0.27 2.85 1.00 0.96 0.73 
A1203 14.64 12.81 10.15 14.65 13.18 14.87 14.25 13.42 
Fe203 4.58 2.68 12.61 1. 70 13.93 3.03 5.60 4.77 
FeD 6.80 1.36 n.d. n.d. n.d. 3.55 n.d. n.d. 
MnO 0.16 0.07 0.18 0.04 0.21 0.11 0.10 0.06 
Ngo 5.97 0.35 21.25 0.50 5.83 1. 77 1.47 1.09 
CaD 9.70 0.97 7.82 1.23 7.86 3.07 2.39 2.07 
Na20 3.57 3.79 1.02 3.53 1. 87 4.55 4.43 3.79 
K20 0.57 3.89 0.45 5.17 1. 70 2.51 3.19 3.40 
P205 0.19 0.11 0.09 0.12 0.33 0.22 0.22 0.25 
Loss 0.20 0.30 1.40 0.60 3.80 0.80 0.60 1.40 
TOTAL 99.75 99.63 100.38 100.62 100.39 99.00 100.31 10"10 
fib 0 0 0 n.d. n.d. 0 0 0 
Zr 144 424 81 n.d. n.d. 410 455 411 
Y 35 65 10 n.d. n.d. 54 61 58 
Sr 258 124 185 n.d. n.d. 274 215 184 
Rb 14 120 6 n.d. n.d. 60 88 102 
Th 3 10 0 n.d. n.d. 7 6 13 
Pb 4 11 1 n.d. n.d. 10 9 12 
Zn 79 76 73 n.d. n.d. 99 86 66 
Cu 59 7 122 n.d. n.d. 9 15 15 
Hi 69 4 955 n.d. n.d. 13 12 11 
Cr 212 0 1328 n.d. n.d. 35 27 20 
V 428 10 224 n.d. n.d. 75 83 58 
Ba 174 918 26 n.d. n.d. 979 848 797 
Hf 2 10 1 n.d. n.d. 8 9 1 1 
Ce 26 114 0 n.d. n.d. 108 128 134 
La 8 60 1 n.d. n.d. 40 42 42 
Sample RUMlo4 RUMl05 RUM106 RUM107 RUM108 RUM109 RUM110 RUM111 
3i02 49.10 55.59 51.33 49.35 70.83 50.40 47.46 50.42 
Ti02 1.94 1.49 2.14 1.08 0.72 0.09 0.20 0.33 
A1203 14.70 14.82 15.53 13.49 13.03 23.11 12.61 16.70 
Fe203 12.15 8.45 10.42 10.65 4.99 4.41 9.78 5.95 
FeO n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. 
Hno 0.15 0.10 0.14 0.15 0.09 0.07 0.17 O. " 
MgO 6.88 4.67 6.37 13.21 0.83 7.33 17.90 9.86 
CaO 10.57 7.83 9.32 9.04 1. 78 12.08 10.61 111 .02 
Na20 3.01 3.51 3.60 2.31 4.21 3.05 1.50 2.10 
K20 0.26 1.54 0.74 0.64 3.29 0.04 0.03 0.09 
P205 0.19 0.20 0.31 0.11 0.18 0.04 0.03 0.04 
Loss 1.00 2.00 1.20 0.00 0.10 0.20 0.00 0.27 
TOTAL 100.09 100.39 101.27 100.26 100.24 100.95 100.56 100.00 
lib 0 6 6 0 9 0 0 0 
Zr 134 259 238 106 389 58 26 39 
y 27 38 33 20 55 3 3 5 
Sr 240 245 299 236 195 465 214 284 
Rb 3 38 18 16 104 0 0 0 
Th 2 7 0 0 7 0 0 0 
Pb 0 4 0 6 10 2 0 1 
Zn 77 73 70 69 65 21 49 27 
Cu 65 86 89 97 8 6 0 8 
Ni 99 97 89 437 3 220 655 142 
Cr 244 168 162 909 0 481 1643 !l58 
V 383 327 381 195 32 32 94 101 
Ba 124 414 232 158 884 0 0 0 
Hf 3 5 !I 2 11 1 0 1 
Ce 23 74 61 39 112 , 0 0 
La 0 29 21 1 1 56 0 0 0 
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Sample RUI·1112 RUI-!113 RUM114 RUM115 RUM116 RUM117 RUM118 RUM119 
S102 51.49 71.42 70.73 70.50 66.40 40.89 48.77 47.34 
Ti02 1.09 0.64 0.68 0.74 0.81 0.46 2.21 1.46 
A1203 16.83 12.83 13.14 13.40 13.48 3.26 13.70 16.41 
Fe203 3.43 2.33 4.94 5.01 5.88 13.13 15.78 10.63 
FeO 5.58 1.93 n.d. n.d. n.d. n.d. n.d. n.d. 
MnO 0.14 0.09 0.08 0.07 0.08 0.19 0.19 0.16 
MgO 6.69 0.81 0.72 0.73 1.78 39.01 4.90 7.05 
CaO 10.54 1.68 1.46 1. 74 3.71 2.61 8.35 12.53 
Na20 2.81 3.91 3.91 3.94 3.64 0.60 3.37 2.82 
[20 0.53 3.45 3.24 3.31 2.56 0.08 1.01 0.22 
P205 0.15 0.17 0.16 0.13 0.15 0.01 0.20 0.14 
Loss 0.07 0.80 0.70 0.30 0.90 0.20 1.00 2.50 
TOTAL 99.44 100.25 99.95 100.04 99.57 100.98 99.63 101.41 
Nb 2 10 10 9 6 0 3 0 
Zr 151 369 359 285 301 27 176 98 
y 21 54 50 45 43 4 34 15 
Sr 314 174 195 193 214 72 263 258 
Rb 12 105 92 81 84 0 29 2 
Th a 6 12 7 8 0 a 1 
Pb 0 9 12 13 11 0 2 2 
Zn n.d. 71 70 55 64 71 90 58 
Cu n.d. 9 9 7 55 30 188 184 
N1 n.d. 3 4 3 31 2317 38 93 
Cr n.d. 0 0 0 46 2733 32 288 
V 195 36 31 40 88 101 417 340 
Ba 176 900 871 844 670 0 205 88 
Hf 4 10 9 7 7 0 3 3 
Ce 24 101 121 86 92 0 37 28 
La 6 52 53 32 33 0 0 0 
Sample RUM120 RUM121 RUM123A RUM123B RUM124 RUM125 RUM126 RUM127 
Si02 70.84 70.17 70.02 52.60 51.34 46.75 66.84 61.40 
Ti02 0.62 0.62 0.75 0.75 0.76 1.69 1.09 0.80 
A1203 13.32 13.40 12.97 16.43 16.33 14.53 13.68 17.35 
Fe203 5.14 5.22 5.16 8.36 9.33 14.52 2.13 2.23 
FeO n.d. n.d. n.d. n.d. n.d. n.d. 3.45 3.72 
MnO 0.10 0.09 0.06 0.14 0.15 0.17 0.09 0.10 
MgO 0.44 0.63 1.23 7.07 8.02 7.70 1. 73 2.70 
CaO 1. 75 1.85 2.68 11.09 11.29 12.05 2.95 3.51 
Na20 4.02 4.20 2.74 2.84 2.40 2.00 3.75 3.57 
K20 3.68 3.78 3.87 0.67 0.43 0.23 3.16 3.03 
P205 0.10 0.13 0.16 0.09 0.05 0.09 0.22 0.40 
Loss 0.10 0.00 0.20 0.10 0.00 0.50 0.40 1.40 
TOTAL 100.32 100.31 100.07 100.29 100.23 100.38 99.60 100.36 
Nb 13 10 9 2 0 0 n.d. n.d. 
Zr 413 413 396 110 78 46 n.d. n.d. 
y 69 65 53 20 16 15 n.d. n.d. 
Sr 176 180 185 284 241 224 n.d. n.d. 
Rb 118 106 103 15 9 1 n.d. n.d. 
Th 9 8 6 0 1 a n.d. n.d. 
Pb 20 13 22 8 3 4 n.d. n.d. 
Zn 97 77 40 68 68 60 83 79 
Cu 8 37 25 112 138 101 20 30 
Ni 3 5 22 105 119 69 11 30 
Cr 0 0 7 263 255 208 6 86 
V 24 25 72 164 183 699 95 109 
Ba 983 1061 1226 268 165 107 813 974 
Hf 9 11 11 3 2 0 8 6 
Ce 140 132 110 42 13 0 35 114 
La 66 47 46 4 0 0 37 37 
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Sample RUl-1128 RUll.129 RUN130 RUf.l131 RUB132 RUH133 Ru/1134 RUm 35 
Si02 81.56 50.15 55.93 71.04 62.80 67.56 68.12 53.95 
Ti02 0.52 0.32 2.011 0.611 1.27 0.70 0.70 1. 70 
A1203 8.45 17.31 14.00 12.90 14.45 14.06 14.02 13.73 
Fe203 2.31 7.41 4.44 4.54 6.93 5.14 5.07 11.95 
FeO n.d. n.d. 5.47 n.d. n.d. n.d. n.d. n.d. 
MnO 0.03 0.13 0.14 0.09 0.10 0.08 0.08 0.18 
MgO 0.88 9.58 4.27 0.59 1. 83 1.54 1.44 5.40 
CaD 0.48 13.23 6.32 1.55 3.32 2.52 2.51 8.21 
Na20 2.26 2.36 3.118 3.78 3.83 3.58 4.10 2.96 
K20 2.66 0.14 1.84 3.34 3.07 3.40 3.23 1.16 
P205 0.01 0.00 0.27 0.11 0.28 0.17 0.17 0.21 
Loss 1.00 0.00 1.60 0.80 1.20 0.60 0.80 0.40 
TOTAL 100.24 100.75 99.97 99.57 99.27 99.56 100.45 100.01 
Nb n.d. 0 7 1 1 10 11 9 5 
Zr n.d. 42 318 328 370 349 339 145 
Y n.d. 6 46 46 52 54 49 33 
Sr n.d. 277 243 196 231 250 249 293 
Rb n.d. 0 57 102 87 104 101 30 
Th n.d. 0 0 5 12 8 6 3 
Pb n.d. 0 7 14 1 1 13 10 1 
Zn 10 38 76 83 78 53 74 102 
Cu 8 109 53 7 22 18 15 02 
Ni 8 147 34 3 16 21 23 45 
Cr 14 423 59 0 21 107 117 123 
V 53 122 268 26 121 60 71 333 
Ba 661 39 463 889 741 870 884 337 
Hf 7 0 7 8 8 8 8 2 
Ce 52 0 64 113 109 113 92 62 
La 17 0 13 56 36 48 44 19 
Sample RUM136 RUM137 RUM138 RUM139 RUM140 RUM141 RUM142 RUM143 
Si02 57.35 71.90 68.07 50.54 83.66 64.40 64.50 47.15 
Ti02 1.69 0.65 0.67 1.89 0.15 0.83 1.16 2.83 
A1203 14.90 12.93 13.91 14.25 8.66 15.01 14.57 12.98 
Fe203 9.11 4.59 4.82 4.84 0.65 2.45 2.55 6.88 
FeO n.d. n.d. n.d. 7.04 0.63 2.93 3.51 8.96 
MnO 0.13 0.07 0.08 0.17 0.02 0.08 0.10 0.16 
MgO 4.09 0.37 1. 73 6.22 0.32 2.39 1.65 5.92 
CaO 6.32 1.69 2.42 10.27 0.31 3.78 2.81 10.40 
Na20 3.64 4.24 3.67 2.81 2.30 3.96 4.18 2.88 
K20 1. 74 3.23 3.13 0.76 3.17 2.48 3.07 0.72 
P205 0.28 0.14 0.17 0.15 0.01 0.19 0.28 0.16 
Loss 1.20 0.00 1.10 0.80 0.20 0.60 1.20 0.80 
TOTAL 100.64 100.01 99.97 99.90 100.18 99.29 99.77 100.03 
Nb 6 8 8 3 2 6 9 4 
Zr 2611 321 332 172 92 298 399 148 
Y 41 48 49 27 24 35 51 28 
Sr 286 214 239 300 90 329 197 348 
Rb 57 100 83 24 94 71 90 18 
Th 9 6 8 0 11 4 5 2 
Pb 7 14 17 8 12 13 9 2 
Zn 104 76 82 82 11 62 79 83 
Cu 40 8 14 119 8 27 23 80 
Ni 54 2 21 49 7 29 15 33 
Cr 130 0 105 124 0 85 26 63 
V 261 30 61 418 23 98 108 802 
Ba 506 996 833 213 641 661 765 228 
Hf 6 7 8 4 4 7 8 2 
Ce 88 124 109 53 20 92 99 71 
La 18 63 44 0 11 33 46 4 
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Sample RUt111111 RUH1l.J5A RUH1115B RUl-1146 Rm1147 RUl-:1l.J9 RUl:151 RUt1152 
Si02 66.77 56.06 56.22 44.28 45.2El 46.39 49.37 50.B3 
Ti02 0.95 2.115 0.89 0.52 0.91 1.61 0.34 0.74 
A1203 13.77 13.05 14.27 6.63 10.29 14.05 17.16 16.22 
Fe203 2.22 12.49 8.39 2.20 3.50 12.43 6.26 9.07 
FeO 3.10 n.d. n.d. 9.19 8.81 n.d. n.d. n.d. 
MnO 0.09 0.14 0.14 0.18 0.19 0.20 0.11 0.16 
MgO 1.45 3.50 5.84 29.49 19.95 9.06 10.60 9.711 
CaO 2.67 6.34 8.15 4.22 7.44 12.20 14.97 11.27 
Na20 4.00 3.02 2.97 1.43 1.04 1.88 1.65 2.51 
K20 3.30 2.20 1. 75 0.39 0.49 0.31 0.09 0.27 
P205 0.21 0.17 0.11 0.08 0.12 0.17 0.04 0.07 
Loss 0.80 0.80 2.00 0.80 1.00 1. 70 0.20 0.00 
TOTAL 99.51 100.40 100.88 99.81 99.31 100.25 100.92 101.01 
Nb 11 7 2 1 0 5 0 0 
Zr 350 227 98 68 71 151 47 74 
y 49 37 34 10 13 25 5 12 
Sr 203 263 280 go 154 370 303 244 
Rb 99 62 64 12 11 11 1 3 
Th 6 6 2 0 2 2 0 0 
Pb 8 6 7 0 0 1 2 0 
Zn 72 91 98 68 78 68 27 51 
CU 18 67 26 66 333 57 176 94 
Ni 23 8 95 1338 732 269 162 177 
Cr 17 17 147 2174 1176 1060 456 390 
V 86 410 208 117 200 333 127 204 
Ba 733 524 370 28 82 169 0 48 
Hf 8 5 2 1 2 3 1 1 
Ce 106 60 53 0 0 3 8 0 
La 31 1 6 0 0 0 0 0 
Sample RUM153 RUM154 RUM155 RUl1156 RUM24Z RUM43 RUl1150 
Si02 47.59 53.68 65.23 71.89 49.52 48.18 9.47 
Ti02 0.86 1.42 0.86 0.67 1.59 1.29 0.00 
A1203 13.74 15.33 15.62 13·07 15.38 16.02 1.24 
Fe203 5.01 3.17 1.87 2.80 11.36 11.36 1.20 
FeO 7.09 5.65 3.72 1.65 n.d. 0.00 n.d. 
MnO 0.19 0.15 0.10 0.08 0.16 0.18 0.04 
MgO 11.91 6.49 2.35 0.56 6.62 8.61 0.81 
CaO 10.60 9.57 3.59 1. 75 11.61 12.43 61.99 
Na20 2.14 2.95 3.83 4.07 2.55 1.93 0.01 
K20 0.23 0.71 2.86 3.21 0.40 0.48 0.19 
P205 0.06 0.16 0.22 0.14 0.21 0.14 0.15 
Loss 0.40 0.40 0.00 0.00 0.00 0.00 33.60 
TOTAL 100.00 99.82 100.46 100.09 99.52 100.71 108.78 
Nb 0 1 9 8 0 0 2 
Zr 66 167 294 314 131 77 1 11 
Y 12 27 41 50 34 19 6 
Sr 204 295 361 223 251 248 584 
Rb 0 17 82 101 0 13 4 
Th 1 1 8 4 0 0 0 
Pb 20 0 1 1 12 12 9 0 
Zn 69 62 77 69 69 70 7 
Cu 200 83 25 
" 
46 93 0 
Ni 281 67 36 5 79 118 2 
Cr 632 121 104 0 121 224 0 
V 275 263 107 26 335 n.d. 27 
Ba 81 242 843 969 1'9 n.d. 0 
Hf 2 2 6 9 2 n.d. 3 
Ce 0 19 86 101 42 n.d. 38 
La 0 8 33 55 0 n.d. 0 
APPENDIX 2 
ANALYTICAL PROCEDURES 
MINERAL ANALYSES. Microprobe analyses were carried out on a 
Cambridge Instruments Microscan at Edinburgh University, and on a 
Jeol Superprobe 733 at St. Andrews University. Analyses were 
performed 
accelerating 
varied but 
by wavelength dispersive techniques, using an 
voltage of 15 KV in all cases. Specimen current 
was generally between 5 x 10-6 and 5 x 10- 7 A. All 
determinations were carried out using a fully focused beam, so 
that the diameter of the analyzed spot was approximately 1x 10-
6m (Reed 1976). Analyses were matrix corrected using standard 
ZAP procedures. The accuracy (relative) of wavelength dispersive 
microprobe analysis has been determined by Dunham and Wilkinson 
(1978) to be ±2.4% 
WHOLE-ROCK GEOCHEMISTRY. Whole-rock major and trace element 
analysis was carried out using an automated Phillips X-ray 
fluorescence spectrometer. Major elements. were determined on 
fused lithium borate-lanthanium oxide glass beads, trace elements 
on pressed powder pellets. Details of sample preparation 
techniques are given by Norrish and Hutton (1969). Determination 
of FeO was carried out by standard titration techniques. 
OXYGEN ISOTOPES. Oxygen isotope analyses were carried out at 
S.U.R.R.C. East Kilbride, using a VG Micromass 903 mass 
spectrometer. Powders were baked at 2000 C to drive off unbound 
water; oxygen was then extracted using bromine pentafluoride as 
described by Clayton and Mayeda (1963). Results in this thesis 
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are reported in standard ~ notation relative to SMOW. The 
reproducibility of NBS 28 run during the course of this work was 
±l.l% o (2 sigma). 
STRONTIUM ISOTOPES. Strontium isotopic analyses were carried out 
at S.U.R.R.C. East Kilbride using a VG Micromass MM30B mass 
spectrometer. Rb/Sr ratios were determined both by isotope 
dilution and X.R.F. Sr was separated using standard ion exchange 
techniques. The accuracy of each determination is given in table 
5.1. 87Sr/86Sr ratios were normalized to 88Sr/86Sr - 8.37521. 
LEAD ISOTOPES. Lead isotope analyses were carried at S.U.R~R.C. 
East Kilbride using a VG Isomass 54E mass spectrometer. Pb 
isotopes and U Pb concentrations were determined on seperate 
splits of sample powders, and Pb was separated using standard ion 
exchange techniques. Runs on the mass spectrometer to determine U 
and Pb by isotope dilution were only partially successful, so 
that for some samples concentrations were estimated by comparison 
to X.R.F. data, and with determinations on samples of similar 
composition. The estimated 2 sigma accuracy for Pb 'isotope 
determinations is ±0.02, 0.01, 0.04 for 205Pb/204Pb, 207Pb/204Pb, 
208Pb/204Pb respectively. 
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APPENDIX ! 
SAMPLE LOCATIONS 
The number and location of all samples referenced in this thesis 
are given in the following table. The location of samples collected at 
northwest and southeast Harris Bay are shown on the accompanying maps. 
SAMPLE 
NUMBER 
R1 
R2 
R3 
R4 
R5 
R6 
R7 
R8 
R9 
RlO 
Rll 
Rl2 
R13 
R14 
R15 
Rl6 
R17 
R18 
R19 
R20 
R21 
R22 
R23 
R24 
R25 
R26 
R27 
R28 
R29 
R30 
R31 
R32 
R33 
R34 
R35 
R36 
R37 
R38 
R39 
LOCALITY AREA 
NUMBER 
4 N.W. Harris Bay 
4 N.W. Harris Bay 
7 Ard Mheall 
8 
9 
10 
11 
11 
14 
16 
17 N.W. Harris Bay 
17 
17 
17 
17 
17 
17 
18 
19 S.~. Harris Hay 
20 
20 
21 
21 
23 
23 
25 Gualainn na 
27 Pairce 
28 
29 
30 
31 
32 
33 
35 
37 Minishal 
38 
41 
42 
43 
DESCRIPTION 
Granophyre 
Dolerite dyke 
MMG 
Gabbro dyke 
Gabbro dyke 
Partially melted granophyre 
Large-fragment breccia 
Orthopyroxene gabbro 
Peridotite 
Granite-veined gabbro 
Amygdaloidal dyke 
Large-f=agment breccia 
MRIB 
Olivine gabbro 
Delicate harrisitic olivine gabbro 
Dolerite dyke 
Dolerite dyke 
Granophyre 
Laminated basic layer in HBM 
Granophyre 
Partialy melted granophyre 
Dolerite dyke 
Large-fragment breccia 
Basic sill in HBM 
Olivine gabbro 
Large-fragment breccia 
MMG 
Spherulitic gabbro 
MMG 
Gabbro 
MMG 
Gabbro 
Gabbro dyke 
Partially melted granophyre 
Gabbro 
Peridotite 
Gabbro dyke 
Peridotite 
Peridotite 
R40 
R41 
R42 
R43 
R44 
R45 
R46A 
R46B 
R47 
R48 
R49 
R50MX 
R50FM 
R51 
R52 
R53 
R54 
R55 
R56 
R57 
R58 
R59 
R60 
R61 
R62 
R63 
R64 
R65 
R66 
R67 
R68 
R69 
R70 
R7l 
R72 
R73 
R74 
" .. " 
"", J 
R76 
R71 
R78 
R79 
R80 
R81 
R82 
R83 
R84A 
R84B 
R8SA 
R85B 
R86 
R87 
R88 
R89 
R90 
R91 
44 
45 
45 
45 
45 
47 
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